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57 ABSTRACT 
An imaging NMR scanner obtains plural spin echo 
signals during each of successive measurement cycles 
permitting determination of the T2 parameter for each 
display pixel after but a single measurement sequence. 
The amplitude of the NMR spin echo responses is de 
pendent on an "a" machine parameter (the elapsed time 
between initiation of a given measurement cycle and the 
occurrence of the NMR response) and upon a "b" ma 
chine parameter (the elapsed time between initiation of 
successive measurement cycles). These a and b machine 
time parameters are selectively controlled to enhance 
resultant image contrast between different types of tis 
sue or other internal structures of an object under exam 
ination. Special phase control circuits ensure the repeat 
ability of relative phasing between successive NMR 
responses from the same measured volume and/or of 
reference RF signals utilized to frequency translate and 
synchronously demodulate the NMR responses in the 
successive measurement cycles of a complete measure 
ment sequence. Special sub-sequences of four measure 
ment cycles are utilized to provide resultant combined 
spin echo measurements substantially independent of 
FID signal components. 

46 Claims, 11 Drawing Sheets 

  



U.S. Patent Jul. 10, 1990 Sheet 1 of 11 Re33,259 

S. 

s 

s 
N s 

  

  



Jul. 10, 1990 U.S. Patent 

|–––––––––––––––––––- 
|---- — — — — — — — — —— ——————————| Saezaev?77,5,7,2%   















U.S. Patent Jul. 10, 1990 Sheet 9 of 11 Re33,259 

azz/7% (2C4 
7222e fea 
Z5 - 4a / 72 Mosec. 
(443 Zae Areaza 
a?ac/eleazazneze) 

646 

4% - Zea-6aerz 
M1 Fay/ 

a-2 

Zacaea e22-4 

22 a.22. A4Valear 
a/2 weaves 444 

Z276aearea 
f = y/ 

az-O = M 

2 = 727774. 
Mvue&auray Meas 

4.42 

  

  

  

  

  

  

  

  

  

  







Re. 33,259 
1. 

METHOD AND APPARATUS FOR RAPD NMR 
MAGING OF NUCLEAR PARAMETERS WITH AN 

OBJECT 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions made 
by reissue. 

This application is a continuation-in-part of our ear 
lier copending, commonly assigned application Ser. No. 
926,571, filed July 20, 1978 (now U.S. Pat. No. 
4,297,637) and Ser. No. 120,875, filed Feb. 12, 1980 
(now U.S. Pat. No. 4,318,043). The entire specification 
and drawings of each of these earlier related copending 
applications is hereby expressly incorporated by refer 
ece, 

This invention relates to apparatus and method for 
NMR (nuclear magnetic resonance) imaging wherein 
data representing the internal distribution of selected 
molecular structures within an object under test is ob 
tained using nuclear magnetic resonance phenomena. 
NMR imaging is based on the ability to induce and 

monitor radio frequency (r.f.) resonance of the mag 
netic moment of selected nuclei in the presence of mag 
netic fields. By the use of position-variant magnetic 
fields, it is possible to measure both the location and 
concentration in small volumes of resonant nuclei and, 
thereby, to create a visual display image that reflects 
this distribution in living tissue (e.g., a human body) or 
in other internal structures of an object under examina 
tion. Hydrogen, because it is in the most sensitive of the 
stable nuclei to NMR phenomena and because it is also 
the most abundant nucleus in the human body, is ideally 
suited for NMR imaging. NMR imaging is a non-inva 
sive diagnostic technique having some general similar 
ity to computed tomography scanning (utilizing X-ray 
radiation) albeit it is based upon an entirely different 
physical phenomenon. 
A detailed explanation of the particular NMR spin 

echo phenomena and line volume scanning techniques 
presently preferred for use with this invention is already 
set forth in our earlier referenced copending applica 
tions. Nevertheless, a brief review of some salient points 
is included here. 
The basic NMR phenomenon is the property of all 

nuclei having an odd number of protons and/or neu 
trons to act as small magnets. In the absence of an ap 
plied magnetic field, the magnetic axes of these nuclei 
point in random directions; however, when placed in a 
strong applied static magnetic field, these axes tend to 
align with the field. If radio frequency energy of the 
proper resonant frequency and having its r.f. magnetic 
field component perpendicular to the static magnetic 
field is then transmitted throughout the object under 
test, the resonant nuclei will nutate (e.g. turn) their 
magnetic axes (e.g., "flip') against the applied static 
magnetic field. If such radio waves are then terminated 
(e.g., such as by termination of an appropriate RF 
pulse), the magnetic axes of the earlier "flipped" nuclei 
tend to relax back toward their original alignment with 
the applied static magnetic field. In doing so, radio 
frequency waves (of the same frequency as that applied 
in the earlier flipping rif. pulse if the magnetic field at 
the nuclei location is unchanged) are emitted and may 
be detected by an appropriate radio frequency receiver 
arrangement. 
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2 
The first and longest NMR r. f. response to appear is 

the FD (free induction decay). However due to rela 
tive dephasing phenomena of the spinning nuclei during 
the FID it decays and if the dephasing is reversed a 
so-called spin echo signal can be generated. For exam 
ple, if a 90' nutation rif. pulse is first applied, the flipped 
nuclei will begin to "dephase' in their relative rota 
tional speeds. If after t seconds a 180 nutation r.f. pulse 
is applied, the dephasing sense of each flipped nuclei is 
reversed resulting in a "in phase" condition after an 
other t seconds. This "in phase' condition results in a 
detectable pulse of r.f. energy known as a spin-echo. 

Because there are known relationships between the 
strength of applied magnetic fields and the frequencies 
of resultant NMR responses, this NMR excitation/de 
tection sequence can be utilized to obtain basic informa 
tion concerning the location and distribution of specific 
nuclei within an object under test. 

For example, in any given magnetic field, the fre 
quency of transmitted RF energy required to produce 
NMR is specific (hydrogen in a magnetic field of about 
3.5 KG will resonate at about 15 MHz.) For all types of 
nuclei, the so-called Larmor resonant frequency 
changes in direct ratio to changes in the strength of the 
surrounding field at the nucleus site. For instance, hy 
drogen in a magnetic field of about 7 KG exhibits NMR 
at about 30 MHz. The constant of proportionality be 
tween NMR frequency and the instantaneous magnetic 
field strength at the location of the nucleus is called the 
magnetogyric ratio and each specific nucleus having an 
odd number of protons and/or neutrons has its own 
respectively corresponding magnetogyric ratio con 
Stant. 

Actually, it is believed that only a very small fraction 
(e.g., two or three parts per million) of the relevant 
nuclei within a given measurement volune actually 
generate the observed NMR phenomenon at any given 
instant of time. This is apparently a statistical process 
and the actual nuclei being observed will change over 
time but sufficient numbers of nuclei are observed at 
any given instant of time so as to permit significant 
NMR measurements. 
The elapsed time required to obtain maximum align 

ment of the nuclei magnetic axes with an imposed static 
magnetic field is typically on the order of one second 
for hydrogen in tissue. This exponential NMR align 
ment time is normally denoted by its exponential time 
constant "T1" (i.e. the time required to obtain 1 - 1/e of 
the asymtote or final expected value) and is sometimes 
known as the longitudinal magnetic relaxation time or 
as the spin-lattice magnetic relaxation time. It is a func 
tion of many local physical and chemical factors includ 
ing molecular structure, elemental composition, tem 
perature and viscosity. In general, even if only hydro 
gen nuclei are observed in an NMR imaging scanner, 
and even if it is assumed that all tissues have equal hy 
drogen densities, the measured T1 NMR parameter may 
be expected to differ significantly between different 
body tissues. 
The rate at which NMR signal emission decays is 

another characteristic exponential time factor and is 
usually less than the T1 value. This second NMR time 
factor is commonly referred to by its exponential time 
constant "T2' and is sometimes known as the transverse 
magnetic relaxation time or spin-spin magnetic relax 
ation time. It constitutes another NMR time parameter 
that is dependent not only upon the identity of the nu 
cleus involved but upon local physical and chemical 
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factors including molecular structure, elemental con 
position, temperature and viscosity (not necessarily in 
exactly the same way as is the T1 parameter however). 
Accordingly, the T2 parameters are in general also 
different for different body tissues. For example, the 
nuclei of very pure liquids, in general, align with an 
applied static magnetic field less quickly and emit NMR 
signals for a longer time than do nuclei of liquids loaded 
with proteins. 

Since the time constants associated with NMR phe 
nomena are quite long compared to readily achievable 
response times of electronic circuits (i.e., radio fre 
quency and magnetic gradient coil), it is possible to use 
a succession of different magnetic gradients and RF 
pulses to selectively produce NMR signal responses 
that can be detected and associated with specific ele 
mental internal volumes of an object under test. For 
example, assume that an object is placed in a strong 
uniform static magnetic field. After one or two seconds, 
a significant proportion of the nuclei will have aligned 
their magnetic axes with the static magnetic field. Fur 
ther assume that a magnetic gradient along on axis of a 
three-dimensional system (e.g., the Z axis) is temporar 
ily superimposed on the static magnetic field so as to 
cause a different magnetic field to exist throughout each 
successive plane transverse to the Z axis. By choosing a 
specific frequency, strength and duration for an applied 
RF pulse, a specific planar volume of these hydrogen 
nuclei can then be flipped by 90'. At a time t thereafter, 
further assume that the first magnetic gradient has been 
switched off and that a second magnetic gradient or 
thogonal to the first (e.g., along the Y axis) is superim 
posed upon the static magnetic field. Under these cir 
cumstances, the hydrogen nuclei in a planar volume 
transverse to the Y axis can be addressed by choosing a 
particular frequency, strength and duration for another 
RF pulse which may flip the addressed nuclei by 180'. 
In accordance with the "rule of equal times' (as ex 
plained in our earlier-referenced copending applica 
tions) an NMR spin echo signal will appear at 2t elapsed 
time from initiation of this measurement cycle (by appli 
cation of the first 90 flipping pulse of RF energy). 

If, while monitoring this spin echo signal with an RF 
receiver, the second magnetic gradient field is also 
switched off and a third magnetic gradient along an 
other mutually orthogonal axis (e.g., the X axis) is 
switched on, then a different NMR spin echo response 
frequency will emanate from each elemental volume 
along the line volume which is caused to emit spin echo 
signals (due to the intersection of the two earlier se 
lected planar volumes). In this manner, the amplitude of 
each frequency component of the spin echo signal (as 
determined by Fourier analysis) represents a nuclear 
measurement associated with a respective incremental 
volume of the measured object. This particular mea 
surement cycle can be extended to obtain further spin 
echo signals by the application of additional RF pulses 
and magnetic gradients as explained in our earlier co 
pending applications. As also explained in our earlier 
referenced copending applications, nuclei dephasing 
effects caused by the switched magnetic gradient fields 
may make it desirable to include special phase correct 
ing pulses of magnetic gradients at different times in 
each measurement cycle. Similar successive measure 
ment cycles are performed to obtain additional spin 
echo data from the same and from different elemental 
volumes. The results from the same elemental line vol 
unes are combined (preferably in a special manner to 

4. 
avoid FID signal components) to improve signal-to 
noise ratios before being Fourier transformed to pro 
vide final data values for each elemental volume along 
the addressed line volume. 
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In general, since the frequency of the RF energy 
required to excite NMR and/or of resultant NMR sig 
nals is proportional to the instantaneous magnetic field 
strength at the measured volume, if the magnetic field 
strength has a spatial distribution that is known, then the 
frequency spectrum of NMR excitation/detected sig 
nals also encodes the spatial distribution of the NMR 
nuclei. 
Varying the elapsed time interval between successive 

excitation of a measured volume will produce different 
amplitudes of NMR response signals in accordance 
with the Tl parameters associated with the nuclei of the 
measured volume. That is, if the interval between suc 
cessive NMR excitations is relatively short, tissues with 
longer T1 parameter values will yield relatively less 
NMR response signal than those with shorter T1 pa 
rameter values since the former have less chance to 
become fully re-aligned with the static magnetic field 
before a new measurement cycle is initiated. In addi 
tion, varying the elapsed time interval between the 
initiation of a measurement cycle (i.e., the first NMR 
excitation RF pulse required to eventually result in a 
desired NMR response signal) and the subsequent oc 
currence of the desired NMR spin echo response signal 
will produce different corresponding amplitudes of 
NMR spin echo response in accordance with the T2 
parameters of the tissues in the measured volume. That 
is, tissues in the measured volume having longer T2 
parameter values will provide relatively larger NMR 
response signals than those having shorter T2 parameter 
values. It has been discovered that these two elapsed 
time intervals may be selectively chosen so as to en 
hance the resulting image contrast between predeter 
mined types of tissue. 

Motion factors can also change the resultant NMR 
signal intensity in a live object. For example, if hydro 
gen nuclei move through the measurement volume 
during one measurement cycle (e.g., approximately 35 
milliseconds), the potential NMR response signal from 
these nuclei will be completely lost. On the other hand, 
if only a fraction of such nuclei remain within the mea 
surement volume during the measurement cycle time, 
the intensity of NMR response signals will be corre 
spondingly reduced. As should be apparent, the actual 
reduction in intensity of NMR response signals due to 
motion factors depends upon the fraction of effected 
nuclei that are in motion and upon their velocity. 

Accordingly, images of an object crosssection con 
structed from measured intensity of NMR responses 
represent a complex function of physical characteristics 
of the tissue and of selectable instrument parameters 
which can be selectively manipulated, in accordance 
with this invention, to highlight particular types of 
tissues (e.g., to selectively enhance contrast between 
selected tissue types). 
The instrumentation for NMR imaging systems re 

flects the sequence by which nuclear magnetic reso 
nance is achieved. A typical system will include a large 
magnet to create the surrounding magnetic field, mag 
netic field gradient producing coils to create a position 
dependent magnetic field, an RF coil to apply and re 
ceive the resonant frequency r.f. signals, electronic 
circuitry to generate, transmit and record the electro 
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magnetic radiations, and a digital data acquisition, pro 
cessing, and display system. 
The various NMR imaging techniques reflect differ 

ent methods used to stimulate a defined volume and to 
analyze the resultant signal, or, in other words, to 
achieve adequate spatial resolution and meaningful con 
trast in the NMR image. Some of the variations in imag 
ing techniques will cause the NMR image to change 
accordingly. Not only is the presence of the signal con 
tingent on the system, but the method used to create the 
signal affects the signal's intensity and behavior in time. 
This interdependence between system and object has an 
important effect on contrast resolution in images. 
A variety of different NMR methods to define a mea 

sured volume have been developed. All techniques, 
however, are based on the relationship between RF 
frequency and magnetic field. Because it is impossible to 
create a magnetic field with a different strength at every 
point in space at the same time, all techniques use 
changing magnetic fields to define volume. Magnetic 
field gradients can be used during transmission or recep 
tion or both. 

In 1973 Lauterbur first proposed and demonstrated 
the use of NMR as a method of obtaining images of 
hydrogen density spanning whole objects. His tech 
nique uses the same type of reconstructions as con 
puted tomography and thus is subject to similar artifact 
problems in image reconstruction. The use of electronic 
scanning eliminates moving parts and, as with all NMR 
techniques, there is no exposure to ionizing radiation. 
Two generalized types of techniques have been pro 

posed to eliminate the reconstruction necessitated by 
Lauterbur's method. In one kind, a "sensitive volume' 
is defined, and the object is moved to produce a two-di 
mensional tomogram. While there are no reconstruction 
artifacts, the object must be moved in the magnetic 
field. These scan techniques are effective in producing 
images but are wasteful in terms of the data obtained per 
unit time. 
Complex techniques where data is obtained from 

many points without motion have been proposed and 
studied. Hinshaw has developed an alternative type of 
"sensitive point' which can be electronically scanned 
through an object to produce a two or three-dimen 
sional image. Several other techniques being developed 
are selective irradiation, and multidimensional Fourier 
transforms. With these techniques, spatial resolution of 
the order of 0.5 mm has been demonstrated for rat-sized 
objects in images obtained in two minutes. 
The NMR imager described in our earlier-referenced 

copending applications uses electronic selection of a 
single line volume in the object. A slice in the sample 
can be excited by exposing the sample to a magnetic 
field variation and a radio wave such that only the 
desired plane corresponds to the frequencies of the 
radio wave. Using different directions of the field varia 
tion at different times, two intersecting planes can be 
excited. The intensities of the two radio waves which 
excite the planes can be chosen so that a signal known as 
a spin echo will be emitted at a later time by only the 
nuclei along the intersection of the two excited planes. 
The spin echo thus contains information about only the 
nuclei along a line volume. By applying a field variation 
along the line during read out, a frequency discrimina 
tion of the emitted radio waves is produced along that 
line. The intensity of each frequency of the spin echo 
will be a function of the hydrogen density, T1, and T2 
of a volume element along the selected line. A map of 
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6 
the hydrogen density modified by T1 and T2 will thus 
be obtained from the frequency spectrum of the spin 
echo signal. The relaxation times can be measured by 
observing signal strength when the relevant T1 and T2 
instrument parameters are varied. 

In NMR as already explained, each tissue is charac 
terized by three parameters: Hydrogen density (H), and 
the rate at which the polarization of the hydrogen nu 
clei changes, given by the two times, T1 and T2. The 
imaging procedures used result in data that is dependent 
in a complex manner on all three parameters. The con 
trast between tissues with different relaxation times can 
be made large, and the influence of the relaxation pa 
rameters on the signal intensity can be used to advan 
tage to obtain additional contrast enhancement. How 
ever, the image response to tissue differences are also 
dependent on the details of the sequence used to obtain 
the image. A change in the relative contribution of these 
three factors to an image due to the design and opera 
tion of different NMR imagers will change the relative 
tissue signal intensities. Therefore, although the con 
trast between organs is large, the results between differ 
ent systems are not easily comparable. 
For the technique used in this invention, the relation 

ship of observed NMR intensity (I) to the three physical 
parameters (H, T1, T2) is approximately given by: 

I=Hf(v)exp(-a/2)(1-exp(-b/T1) Eq. 1 

(Note: Actually, Equation 1 includes a denominator 
of 1 +exp(-b/T2)exp(-b/T1) which can be assumed 
as substantially equal to unity for b greater than about 
3T2) where I is the NMR intensity in a particular region 
of the image; His the local hydrogen density; a is the T2 
parameter of the instrument, measured in milliseconds 
and varied within a broad range (typically 20-60 ms) 
under computer control; b is the T1 parameter of the 
instrument, measured in seconds and also computer 
controlled (typically 0.25-1.5 seconds); f(v) is a function 
of both the speed with which hydrogen nuclei move 
through the region being imaged and of the fraction of 
the total number of nuclei that are moving. 

It is clear that if I could be measured for b =infinity 
and a =0, the result would be Hf(v). In fact, neither of 
these values can be reached directly. The image that is 
observed is a distribution of I in space. By obtaining 
three images (two with different values of the T1 instru 
ment parameter and the T2 instrument parameter held 
constant, and a third one where, for one value of the T1 
instrument parameter, the T2 instrument parameter is 
changed), arithmetic manipulation yields images of 
Hf(v), T1, and T2. Using the technique of this inven 
tion, sufficient data for this determination can be ob 
tained in only two complete measurement sequences. 

In NMR, the signal-to-noise ratio (S/N) in the instru 
ment is dependent on a variety of factors including the 
strength of the magnetic field, the resolution volume, 
the total volume of the system, the imaging technique 
being used, and the imaging time. However, it is impor 
tant to realize that the value of SAN in the instrument is 
not equivalent to S/N in the final image. This latter 
parameter depends on a number of factors, for instance, 
on both the chosen spatial resolution and on imaging 
time. The spatial resolution is given by the volume from 
which signals will be received. Since noise is deter 
mined mostly by the instrument, larger volumes pro 
duce larger signals and improved S/N. On the other 
hand, as the size of the resolution volume increases with 
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respect to object size, blurring will decrease contrast in 
the output image in a predictable manner. Thus, when 
imaging a small object, a relatively large resolution 
volume (although it would increase the S/N for the 

8 
(c) the lung, because of its air content of approxi 
mately 70% and high blood flow, will also be of 
lower intensity than other soft tissues. 

T1 and T2 NMR parameters play an important role in 
instrument) would have an adverse effect on the S/N of 5 distinguishing between soft tissues. The hydrogen con 
the output image. 

Longer imaging times result from using a larger num 
ber of signal accumulations in the image formation pro 
cess (e.g. the combination of more spin echos before 
Fourier transformations in the exemplary embodiment 
of this invention). The larger number of data sets thus 
obtained allow for more accurate averaging of the data. 
Object motion, though, can negate this advantage. 

In general, the signal-to-noise, S/N, for the instru 
ment can be written as 

S/N=svtsskYZt Eq. 2 

where s is a constant that represents the sensitivity of 
the system, Wis the resolution element volume, equal to 
the product of its dimensions X, Y, & Z, and t. is the 
imaging time. The volume term arises from the linear 
relationship between the number of hydrogen nuclei 
resonating (i.e., providing signal) in the region of a 
homogeneous object and the volume of that region. The 
tl term arises from the nature of the noise, which is 
presumed to be pure "white' noise produced by the 
electronics, and is consequently averaged to zero as 
more averages are used resulting in longer measuring 
periods. Coherent noise, for instance, picked up from a 
computer clock, will affect the image in a manner not 
susceptible to elimination through averaging. The term 
s is a function of the value of the polarizing magnetic 
field. 
To summarize, signal-to-noise in the final image is a 

folding of the S/N of the instrument and of the object 
contrast realized by the instrument. Comparison with 
CT will illustrate the significant effect of intrinsic object 
contrast on contrast resolution in the final image. Intrin 
sic tissue contrasts in NMR is considerably higher than 
that derived from differences in electron density, and, 
consequently, even though the noise in the NMR sys 
tem may be greater than in CT, the contrast resolution 
in the final image will be significantly better than in a 
comparable CT picture. For example, in CT noise per 
pixel may be only 0.5%, and the difference between fat 
and muscle 3.5%, resulting in a S/N of 7 in the final 
image. In NMR, on the other hand, noise may be as high 
as 5% per pixel, ten times worse than in CT; however, 
object contrast between fat and muscle can be as high as 
300%, giving an S/N of 70 in the final image-or a 
contrast resolution ten times better than that found in 
CT. 
Keeping the four parameters of the tissue in mind (H, 

T1, T2 and movement), resulting NMR intensities from 
different tissues can be understood. Hydrogen density 
and movement strongly affect the intensity of signal 
emitted from: 

(a) air, because it has essentially no hydrogen and 
bone because what hydrogen it has is in a solid 
matrix, will show no signal at all (except where 
partial volume effects come into play; 

(b) vessels through which blood flows will yield a 
low density signal, and organs with high blood 
flow will show a lower and "blotchier' NMR in 
tensity in a live animal when compared to signals 
that would contain in the dead animal 
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tent of most soft tissues varies over a range of approxi 
mately 20%. Contrasting with this, T1 and T2 vary by 
factors of up to 500%. Tissues with short T1 and T2 
values will tend to yield the largest NMR intensities and 
because of the exponential nature of the modulation of 
H, the relatively smaller variations of this latter parame 
ter may be overshadowed by T1 and T2 variations. 
Although the NMR intensity image can be consid 

ered and "arbitrary” representation of the object (since 
a different image can be obtained by changing the T1 
related and T2-related parameters of the instrument), 
the image nicely delineates normal anatomy. In addi 
tion, pathology is evident and, by manipulating the 
instrument's parameters, we have discovered that selec 
tive enhancement of pathology can be obtained. Fi 
nally, T1, T2 and Hf(v) images can be formed from a set 
of NMR measurements. Although these three images 
are the most direct representations of the tissue's physi 
cal parameters, whether these or I images (with instru 
menta and b parameters selected for particular diseases) 
will be diagnostically more useful will be determined 
through careful studies and experience. 

In addition to the NMR spin echo imaging technique 
described and claimed by us in our earlier referenced 
copending applications, several other types of NMR 
imaging apparatuses and methods have been described 
in the literature as earlier mentioned. Many of those 
skilled in the art have recognized that the measured T1 
and/or T2 NMR parameters (regardless of the particu 
lar measurement technique) represent a complex func 
tion of local physical and chemical factors which cause 
them to have different values for different body tissues 
in spite of the fact that only hydrogen nuclei are being 
measured in all of the tissues. Thus, it has been recog 
nized that resultant NMR images can be expected to 
show more than the mere relative numerical distribu 
tion of hydrogen nuclei throughout a measured cross 
sectional volume and that, in some instances, and image 
of the T1 parameter values might provide better con 
trast between different tissues than an image of the T2 
values and vice versa. There may also be some general 
recognition in the art that because the resultant NMR 
signals are such a complex function of many different 
parameters, it is conceivable that some of these parame 
ters might be successfully utilized to provide enhanced 
image contrast. However, none of the prior art is be 
lieved to teach the image enhancement apparatus and 
method based on our NMR spin echo imaging tech 
nique as now discovered and as described and claimed 
herein. 

In "Medical Imaging By NMR" by P. Mansfield etal, 
British Journal of Radiology, Volume 50, pages 
188-194, 1977, some of the variations possible with the 
FED measurement of the T1 NMR parameter are dis 
cussed. In particular, at page 190 thereof, it was particu 
larly recognized that the effective measured spin den 
sity at a given location depends upon the time delay 
between successive excitation pulses in accordance with 
the exponential relationship (1-exp(-T/T1) where r 
equals the elapsed time delay. Making this observation, 
Mansfield et all noted that it would be possible for local 
ized regions of the specimen to give an apparent picture 
brightness less than the actual localized spin density 
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would suggest. They referred to this effect as spin-lat 
tice relaxation time discrimination and alleged that most 
of the observed intensity variations between tissue types 
seemed to be attributable to this effect rather than to 
any real density variations, though if present, these two 
were said to "aid picture contrast". Continuing, Mans 
field et all noted that measured variations in T1 within a 
given specimen are a reflection of variations in both the 
mobility of the free water, fat or oil and the concentra 
tion of dissolved minerals, nutrients, etc., etc., charac 
teristic of the various tissues. Later on in the same publi 
cation, Mansfield et all noted that although no notice 
able image discrimination was available between some 
specimens (e.g., normal and malignant tissues) at certain 
elapsed time delays between measurement cycles, clear 
differentiation between those same tissues could be 
obtained by changing the delay times. However, it 
should be noted that in this particular article, Mansfield 
et al are discussing an NMR measurement technique 
wherein each measurement cycle produces but a single 
FID (free induction decay) NMR response. There is no 
discussion of any imaging technique which relies upon 
spin echo NMR response which provide two simulta 
neously controllable machine timing parameters as in 
our presently described technique. 
Hinshaw et al in "An In Vivo Study of the Forearm 

and Hand by Thin Section NMR Imaging', British 
Journal of Radiology, Volume 52, pages 46-43 (1979), 
describe a technique where the ratio of T1/T2 parame 
ters is measured. They also note that this ratio can act as 
a tissue contrast parameter between adjacent tissues 
having the same proton density but differing T1/T2 
ratios. They also suggest varying the nutation angle of 
the RF excitation pulses to obtain detailed information 
on the relaxation properties of components in the mea 
sured volume and/or to study the dynamic response of 
the NMR signal. 
Tanaka et all in "Non-Invasive Measurement of Bio 

logical Information by Nuclear Magnetic Resonance: 
Measurement of Relaxation Time of a Particular Target 
by Magnetic Focusing Method', Proceedings of the 
IEEE, Volume 66, No. 11, Nov. 1978, pages 1582-1583, 
also recognize that in measuring the T1 parameter, the 
resulting measured value is a function of the elapsed 
time between excitation pulses. 
With respect to observed differences in image con 

trast between tissues having differing T1/T2 ratios even 
though having equal proton densities, reference is also 
made to Hawkes et al., "Nuclear Magnetic Resonance 
(NMR) Tomography of the Brain: A Preliminary Clini 
cal Assessment With Demonstration of Pathology”, 
Journal of Computer Assisted Tomography, Volume 4, 
No. 5, Oct. 1980, pages 577-586. Here again, Hawkes 
suggests that the dependence of the NMR response to 
the T1/T2 ratio in individual scans can be varied by 
varying the degree of nutation (e.g., the transmitted RF 
pulse length and/or power). Hawkes also indicates that 
while there is great latitude to alter the contrast parame 
ters in NMR imaging, these are at present chosen empir 
ically, and the ideal setting for different pathological 
tissues will be determined with the feedback obtained 
during clinical use of the machine. Without specifically 
identifying them, Hawkes et all note that "at least four 
separate variables contribute to the NMR signal" and 
that "it is likely that future machines will allow the 
operator several choices of imaging parameters to alter 
tissue contrast and also include some method of ab 
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10 
stracting numerical information from the raw scan 
da '', 

Ling et al in a May 12, 1980 letter to the Editor 
("Comparison of NMR Water Proton's T1 Relaxation 
Times of Rabbit Tissues at 24 MHz and 2.5 MHz', 
pages 748-756 of Physics in Medicine and Biology), 
note that the measured T1 NMR value can change as a 
function of NMR frequency and that T1 images may 
display more interesting detail than an actual image of 
measured proton density. 
Using a line volume, spin echo NMR measurement 

cycle as described in out earlier referenced copending 
applications, we have now discovered that the mea 
sured NMR intensity (assuming no substantial physical 
motion through the measurement volume of the nuclei 
under test) is approximately given by the earlier stated 
Equation 1. It has further been discovered that the a and 
b machine parameters of this invention can be selec 
tively controlled so as to enhance the resulting available 
image contrast between selected tissues. For example, if 
the a and b parameters are chosen correctly, it is con 
ceivable that an optimum contrast image could be ob 
tained in a single complete sequence of measurement 
cycles obtaining only a single I value for each measured 
volume. In general, if enhanced image contrast is de 
sired between two tissues having T1, T2' and T1", T2' 
NMR parameters, respectively, then the a machine 
parameter is chosen to be between the T2' and T2' 
values while the b machine parameter is chosen to lie 
between the T1" and T1" values. The optimum a param 
eter value would be chosen as approximately equal to 
the quantity (T2T2"ln(T2/T2")/(T2'-T2"). 
The preferred measurement cycle for use with this 

invention is presently one which provides two NMR 
spin echo responses and special sequences of such mea 
surement cycles (e.g., sub-groups of four) are preferably 
utilized to provide respective spin echo signals that are 
combined in a manner so as to cancel background FID 
signal components therefrom when the spin echo sig 
nals are averaged prior to being Fourier transformed so 
as to provide intensity measurements at each elemental 
measured volume site. 
Synchronous frequency translation and demodula 

tion techniques are preferably utilized in the rif re 
ceiver utilized in the practice of this invention as de 
scribed in our earlier referenced copending applica 
tions. It has also been discovered that relative phase 
differences in the transmitted RF pulses from one mea 
surement cycle to the next and/or relative phase differ 
ences between the reference RF signals supplied to the 
frequency translation/synchronous demodulation re 
ceiver circuitry from one measurement cycle to the next 
can result in significant errors. Accordingly, the pre 
ferred embodiment of this invention includes phase 
control (e.g., resetting) techniques for accurately con 
trolling the relative phase of transmitted RF fields at the 
initiation of each transmitted RF excitation pulse. The 
same or similar phase control techniques are also prefer 
ably employed for accurately periodically resetting the 
relative phase of reference RF signals supplied to the 
r.f. receiver circuitry. 
These and other objects and advantages of this inven 

tion will be more completely understood and appreci 
ated by reading the following detailed description of the 
presently preferred exemplary embodiment of this in 
vention taken in conjunction with the accompanying 
drawings, of which: 
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FIG. 1 is an exploded perspective view of a suitable 
static magnet coil and gradient coils for use with an 
exemplary embodiment of this invention; 

FIG. 2 is a block diagram of the computerized elec 
tronic apparatus utilized for driving the magnetic gradi 
ent coils and the RF circuits including a transmitting 
Mreceiving RF coil for an exemplary embodiment of this 
invention; 

FIG. 3 is a more detailed diagram of relevant phase 
control portions of the RF transmitter shown in FIG. 2; 

FIG. 4 is a diagrammatic depiction of a complete 
measurement sequence comprising plural successive 
measurement cycles, each of which cycles provides 
plural spin echo NMR response signals in accordance 
with an exemplary embodiment of this invention; 
FIG. 5 is a graph showing typical variations in NMR 

response intensity achieved for various specific tissues 
of a live rat as a function of the T1-related machine 
parameter in accordance with an exemplary embodi 
ment of this invention; 
FIGS. 6A-6E comprise a flow chart description of a 

suitable program for the computerized control appara 
tus of FIG. 2 which implements the exemplary se 
quence of measurement cycles shown in FIG. 4 for 
selectively varying Tl-related and T2-related scanner 
parameters. 

FIG. 7 is a typical executive program permitting 
selective alteration of the program shown in FIGS. 
6A-6E; and 

FIG. 8 is a typical executive program permitting 
selective choice of several pre-defined programs of the 
type shown in FIGS. 6A-6E. 

Referring to FIG. 1, the present exemplary embodi 
ment of this invention includes a static field magnetic 
coil 10 for generating a uniform static magnetic field Ho 
directed along its axis. The coil 10 is, in the exemplary 
embodiment, preferably large enough to receive a 
human body and is preferably surrounded by a cryo 
genic housing 12 filled with liquid helium or the like so 
as to permit the coil 10 to be superconducting. In the 
exemplary embodiment, the static field is of approxi 
mately 3.5 KG thus making hydrogen nuclei exhibit 
NMR at approximately 15 MHz frequency. The X gra 
dient coils, Ygradient coils and Z gradient coils shown 
in exploded perspective at FIG. 1 are actually concen 
trically superimposed within the static field magnetic 
coil 10 and are preferably constructed so as to receive at 
least a portion of the human body therein. The RF 
transmit/receive coil (not shown in FIG. 1) is also of 
conventional design (as are the other coils shown in 
FIG. 1) and is designed so as to cause the RF magnetic 
field to be perpendicular to the static magnetic field Ho 
as will be appreciated by those in the art. 

Exemplary electronic apparatus for sequentially driv 
ing the various magnetic and RF coils is shown in detail 
at FIGS. 11A and 11B of our earlier referenced copend 
ing applications. For clarity, that apparatus has been 
shown in simplified form at FIG. 2 of this application 
and an improved phase-controlling portion of the RF 
transmitter circuitry is shown in more detail at FIG. 3. 

Referring to FIG. 2, a computerized control system 
20 is in communication with the data acquisition and 
display computer 31 via a serial line link. This control 
system constitutes the NMR system control which con 
trols the amplitude, timing and/or phasing of the neces 
sary transmitted RF pulses, current drives to the mag 
netic gradient coils and RF detection processes required 
for NMR. It includes conventional data storage, data 
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output/input and data entry components as appropriate 
to the requirements of a particular installation. The 
computer control system 20 typically also comprises 
plural data processors operating in parallel under con 
trol of a host data acquisition and display processor 31 
as will be understood from our earlier referenced co 
pending applications. Except for the particular novel 
time parameter control functions to be performed (e.g. 
as set forth in the flow diagram of FIGS. 6A-6E), the 
NMR system control 20 is of conventional design or as 
described in our earlier referenced copending applica 
tions. 
The RF coil 22 is of conventional design and is used 

for both transmitting and receiving RF energy to/from 
the object under test. It is selectively communicated 
with by either the RF transmitter 24 or the RF receiver 
and A/D converter 26 via an RF switch 28 which is, in 
turn, controlled via a control line by the NMR system 
control. 20. This portion of the apparatus is used for 
selectively transmitting nutation pulses of RF energy 
into the object under test (said pulses having program 
nable amplitude, frequency and duration so as to effect 
a desired nuclei nutation) and for selectively detecting 
NMR r.f. spin echo responses from the object under test 
during programmable listening periods. Except for the 
improved phase control of the RF signal generator (as 
depicted in FIG. 3), the RF transmitter 24, RF receiver 
and A/D converter 26 and RF switch 28 may be of the 
type described in greater detail in out earlier referenced 
copending applications. 
The magnetic gradient coil drivers 30 are controlled 

by the NMR system control 20 to selectively drive the 
X gradient coil, Y gradient coil and Z gradient coil with 
currents of programmable magnitude, duration, polar 
ity, etcetera all as described in more detail by our earlier 
referenced copending applications. 

Before describing the improved phase control for the 
RF signal exemplary measurement sequence of FIG. 4 
will be explained. In FIG. 4, a complete measurement 
cycle is shown on one horizontal line with the time 
scale increasing from left to right. Subsequent measure 
ment cycles are shown on subsequent horizontal lines 
with the time scale increasing as one proceeds from top 
to bottom vertically in FIG. 4. Each measurement cycle 
includes: (1) a 90' nutation pulse Z1 (of programmable 
relative phase); (2) a 180' nutation RF pulse Y1 (of 
programmable relative phase); (3) a first NMR spin 
echo response; (4) yet another 180' nutation RF pulse 
Y2 (of programmable phase); and (5) a second NMR 
spin echo signal. The X, Y and Z magnetic gradient 
pulses necessarily utilized during each of these events 
are not shown. Nor are the desirable phase correcting 
magnetic gradient pulses employed in conjunction 
therewith. It is assumed that the reader will be familiar 
with the required accompanying encoding magnetic 
gradient and phase correcting magnetic gradient pulses 
from our earlier-referenced copending applications. 

In the exemplary embodiment, one complete mea 
surement cycle typically comprises approximately 60 
milliseconds and produces two NMR spin echo signals 
having two respectively corresponding different T2 
related machine parameters. That is, the first spin echo 
has a T2-related parameter of 'a' milliseconds as mea 
sured from the initiation of the measurement cycle (at 
the midpoint of the first RF mutation pulse) until the 
midpoint of the first spin echo occurence. The second 
spin echo has a T2-related parameter of a milliseconds 
as measured from the same initiation of the measure 
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ment cycle until the midpoint of the second spin echo 
OCCurrence. 

After a desired delay defining the T1-related machine 
parameter between initiation of successive measurement 
cycles (an elapsed time of b seconds), a second measure- 5 
ment cycle is initiated as shown in FIG. 4. As should be 
appreciated by those in the art, spin echo signals can be 
expected at predefinable time windows due to the well 
known "rule of equal times" and the RF receiver is 
enabled during these windows to sample the received 
spin echo signals (e.g. typically every 72 microseconds), 
digitize and store the detected sample amplitude thus 
effectively digitizing and storing a replica of the de 
tected spin echo signal. To enhance signal to noise ra 
tios and to also cancel residual FID signal components, 
multiple measurement cycles are performed with the 
corresponding spin echo signals from several measure 
ment cycles being combined before the resultant spin 
echo measurements is Fourier transformed in accor 
dance with our earlier referenced copending applica 
tions to provide measured NMR response intensities for 
elemental measured volumes along the selected line 
volume giving rise to each spin echo signal. For exam 
ple, to achieve acceptable signal to noise ratios, it is 
often necessary to combine approximately 12-24 indi 
vidual NMR responses. Furthermore, as explained in 
more detail in our earlier copending above-referenced 
applications, the measurement cycles are preferably 
combined in groups of four so as to cancel unwanted 
FID signal components that are inherently measured 
together with the desired spin echo NMR response. 

In particular, by selecting appropriate relative phases 
of RF excitation pulses, the relative polarity of spin 
echo and FID signals can be controlled so that when 
groups of four spin echo signals are combined (by addi 
tion and/or subtraction), the unwanted accompanying 
FID signal components are automatically cancelled. 
The following Table 1 explains these possibilities for the 
presently preferred exemplary embodiment. Note that 
the relative phase of the second 180' nutation RF pulse 
Y2 is equal to the relative phase of the 90' mutation pulse 
Z1 in that same measurement cycle and thus need not be 
included in this table. Also note that this causes the sign 
of the second spin echo to be opposite that of the first 
spin echo: 
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Phase of Phase of Sign of Sign of Sign of 
90' 1st 80' spin x plane y plane 

RF Pulse RF Pulse echo FD Fo 

i. 0. O -- - 50 
2. O' 90 -- -- -- Quad 
3. 0. 80' --- -- - 

4. 0. 270 -- -- - Quad 
5. 180 O -- m -- 
6. 180 90 - - - Quad 
7. 180" 180" -- -- 55 
3. 18O 270 - -- - Quad 

By inspection of this table and FIG. 4, it will be ob 
served that the first four measurement cycles 1a-1d 
shown in FIG. 4 correspond to lines 2, 4, 5 and 7 of 60 
Table 1. It will also be observed from Table 1 that if the 
measured spin echo signals are algebraically summed in 
this example, the unwanted FID components (both x 
plane and y plane) will automatically be cancelled thus 
leaving only the desired spin echo signal summed com 
ponents for later Fourier transformation. Actually, it is 
preferred that the entries be chosen from Table 1 so as 
to result in alternating polarity of the spin echo signal 

65 
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(e.g. by choosing lines 1, 2, 5 and 6 which are then 
combined by selective addition and subtraction to pro 
vide a non-zero spin echo measurement). If this is done, 
then DC errors in the audio frequency portions of the 
RF (i.e., following demodulation) receiver will auto 
matically cancel thus eliminating the possible necessity 
of providing DC compensation to such circuits. 
The complete measurement sequence of measure 

ment cycles as shown in FIG. 4 preferably include one 
or more dummy measurement cycles at the very begin 
ning (not shown) so as to ensure that the volume under 
test has reached its T1 parameter equilibrium for the 
given choice of the machine b parameter before actual 
measurement data is taken. For example, if the volume 
under test has not been excited to NMR in the recent 
past, and if the bparameter of the machine is not several 
times larger than the T1 NMR parameter of the object 
under test (an unlikely condition), then the NMR re 
sponses obtained during the first one or so measurement 
cycles will be relatively greater than those obtained 
later on in the entire measurement sequence as should 
be appreciated by those skilled in this art. - 

For the presently preferred exemplary embodiment, 
the b parameter of the scanner may be selected as 0.25; 
0.5; 1.0 or 1.5 seconds. As should be apparent, the b 
parameter of the machine is controlled by controlling 
the delay between initiation of successive measurement 
cycles while the a parameter is controlled (typically 28 
or 56 milliseconds) by controlling the delay between the 
application of successive RF mutation pulses with due 
regard for the well known "rule of equal times". One 
present technique is to produce four images in which 
a=28 ms and 56 ms and b = 0.5 and 1.0 sec. As will be 
better understood from the following, these four images 
can be obtained using only two complete measurement 
sequences in accordance with this invention. These four 
images of NMR intensity. I can be used to calculate 
images of Hf(v), T1 and T2 using the relationship de 
scribed in Equation 1. An asympototic I image can also 
be calculated by setting b-infinity (i.e., no T1-depend 
ence) and using the calculated values of Hf(v), T2 for 
any desired value of a. Actually, once the two complete 
measurement sequences have been performed so as to 
permit calculation of Hf(v), T1 and T2, any desired I 
image can be calculated using Equation 1 so as to opti 
mize image contrast between selected tissues having 
differing Hf(v), T1 and T2 NMR parameters. 
While the b parameter of the machine can never be 

less than the length of one complete measurement cycle, 
it is relatively easy to control so as to have any greater 
desired value. On the other hand, the a parameter of the 
machine is somewhat more difficult to vary because of 
the required pulse rise times associated with the current 
driving of the gradient magnetic coils. To minimize the 
a parameter of the machine, it may be necessary to 
optimize the gradient coil driving circuits so as to mini 
mize the rise and fall times associated with the driving 
current pulses supplied to these coils. However, such 
optimization is in accordance with well known standard 
electrical engineering practices. 

It should be noted that because each measurement 
cycle in the preferred embodiment of FIG. 4 includes 
two NMR responses, each having different T2-related 
machine parameters a and a' respectively, it is possible 
to calculate the T2 NMR parameter of the object vol 
ume under test from a single measurement sequence 
(e.g., by test fit to an exponential curve). To obtain the 
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T1 NMR parameter value for the object under test (e.g., 
by best fit to an exponential curve), it is necessary to 
perform one additional complete measurement se 
quence using a different T1-related machine parameter 
b. Nevertheless, in contrast to many other measurement 
techniques, it is a decided improvement to achieve a 
measurement of both the T1 and T2 NMR parameters 
of an object under test with only two complete mea 
surement sequences. With other techniques, it is usually 
necessary to perform three or four complete measure 
ment sequences to obtain enough information to deter 
mine the T1 and T2 NMR parameters of an object 
under test. 

Because spin echo signals from different measure 
ment cycles are combined in the exemplary embodi 
ment before Fourier transformation, it has been discov 
ered that improved system performance can be obtained 
if the relative phase of the RF excitation signals (and of 
reference RF signals used for frequency translation and 
synchronous demodulation in the receiver circuitry) are 
accurately controlled and phased relative to the initia 
tion of each RF pulse and/or RF detection window. To 
achieve this precise phase control with respect to the 
on/off control of RF pulses, the RF transmitter 24 has 
been modified as shown in FIG. 3. 
A programmable frequency synthesizer 300 is con 

ventionally driven by crystal oscillator 302 and by digi 
tal frequency control signals from the NMR system 
control. 20 to provide output signals of different fre 
quency as required to address the Larmor frequencies 
of selected line volumes of nuclei as should be apparent. 
Since the approximate center Larmor frequency in 
volved in the scanning of the exemplary embodiment is 
15 MHz, the explanation of the RF signal generating 
circuitry shown in FIG. 3 will be made at this center 
frequency. However, it should be understood that the 
actual frequency of operation will be shifted from this 
center frequency (both up and down) as necessary to 
address selected line volumes of nuclei in accordance 
with the teaching of our earlier referenced copending 
applications. For example, the frequencies may be 
shifted at 1 kilohertz steps on either side of the 15 MHz 
center frequency. 
At the center frequency operating point, the pro 

grammable frequency synthesizer 300 produces syn 
chronous 100 MHz and 10 MHz output signals. The 10 
MHz output is divided by 5 to provide a 2 MHz refer 
ence signal used to control a 52 MHz phase locked loop 
oscillator 304. The 52 MHz output is then divided by 4 
to provide a 13 MHz IF signal. As shown in FIG. 3, 
three flip-flops or divide by two circuits are utilized to 
provide 13 MHz IF signals at 0, 90, 180' and 270 
relative phase. One of these four available 13 MHz IF 
signals is then selected by the multiplexer 306 under 
control of the NMR control computer 20. The O' and 
90 phase 13 MHz IF outputs are provided to the syn 
chronous demodulator circuits of the receiver. The 
multiplexer selected 13 MHz IF output is then passed 
through a low pass filter 308 and mixed with a 2 MHz 
signal to provide a 15 MHz NMR excitation signal. As 
explained in our earlier referenced copending applica 
tions, this excitation RF signal is preferably nodulated 
by a sinct) function before passage through a band pass 
filter and level setting circuitry 310 and on to power 
drivers 312 and, through the RF switch 28, to drive the 
RF coi. 22. 
An RF excitation pulse of the proper width is pro 

duced by an RF on/off control signal in conjunction 
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with the gate 314 which only passes the 2 MHz conver 
sion signal to mixer 316 for the desired pulse duration. 
In addition, suitable amplitude control can be provided 
to the level setting portion of circuits 310 if desired 
under control of the computer control system 20. 
As shown in FIG. 3, a 2 MHz reference signal is 

generated and, after splitting at 318, is provided both to 
the receiver IF mixer/converter and to the transmitter 
mixer/converter 316. By carefully controlling (e.g. 
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resetting) the phase of this 2 MHz reference signal, the 
relative phase of both the transmitted RF signals and of 
the reference RF signal provided to the receiver mix 
er/converter can be carefully controlled so as to pro 
vide more precisely repeatable NMR pulse echo mea 
surements during successive measurement cycles. 

In the exemplary embodiment of FIG. 3, this precise 
phase control is obtained by an "RF phase fixer' which 
utilizes a relatively high frequency output from the 
frequency synthesizer (e.g. 100 MHz) and a resettable 
frequency divider. In particular, the RF on/off control 
signals from the NMR system control. 20 are presented 
to a one-shot 320 which preferably triggers on both 
positive going and negative going transitions. When 
triggered, on-shot 320 resets counter or frequency di 
vider 322 and flip-flop 324. The Q output of flip-flop 324 
also blocks gate 326 so as to hold the counter 322 in a 
fixed state until the next 2 MHz signal transition coming 
from divider 328. At that precise instant (always in 
phase synchronism with the 0, 90' 13 MHz IF refer 
ence signals provided to the receiver), gate 326 is per 
mitted to pass the 100 MHz output of the frequency 
synthesizer 300 which, after division by 50 and passage 
through a low pass filter 330, provides a 2 MHz output. 
The 2 MHz output from the low pass filter 330 is then 
amplified at 322 and passed on to the power splitter 318 
to provide the 2 MHz frequency conversion signals 
previously described. 

Accordingly, at the initiation time of each RF excita 
tion pulse, the RF reference and transmitted signals are 
mutually reset and synchronized with one another. 
Additionally, since one-shot 320 also triggers at the 
termination of each RF on/off excitation control pulse, 
these same RF signals are similarly reset in phase at the 
termination of each transmitted RF pulse thus ensuring 
proper frequency conversion and synchronous demod 
ulation in the receiver circuitry in a manner that is more 
precisely repeatable from one measurement cycle to 
another. As should be appreciated, a separate one-shot 
or other circuit could be provided for synchronizing the 
RF signals in phase at some other predetermined time 
prior to the detection window of the RF receiver cir 
cuitry. 

It has been discovered that rather dramatic changes 
in image contrast can be achieved by selective control 
of thea and b machine parameters earlier discussed. For 
example, as shown in FIG. 5, at some values of the b 
machine parameter, the tumor and muscle tissues of a 
live rat are virtually indistinguishable with respect to 
relative measured NMR spin echo intensities detected 
from measured volumes containing these different tis 
sues. However, as the b parameter is increased, the 
contrast between these two tissue types becomes 
greater. At the same time, the contrast between tumor 
and fat tissues passes through an optimum contrast con 
dition as the b parameter is increased. While it might be 
expected that better contrast between given tissue types 
might be expected for an image of Tl parameters than 
for an image of T2 parameter values, or vice versa, it 
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has been discovered that, in fact, by judicious choice of 
the a and b machine parameters associated with the 
exemplary embodiment of this invention, it is often 
possible to obtain enhanced contrast images which have 
greater contrast between given tissue types than is avail- 5 
able in either an image of Tl values or an image of T2 
values. For example, the following Table 2 provides 
typical values of measured T1 and T2 parameters for 
specific tissue types (live rat): 

TABLE 2 O 

Typical Measured T1 and T2 Values 
Tissue T sec T2 sec 

Muscle 0.65 0.031 
Liver 0.45 0,040 15 
Fat 0.30 0.0S4 
Brain 0.79 0.053 
Henatoma 0.83 0.066 
Abscess Pyogenic 0.57 0.058 
Abscess Sterile 0.89 0.063 
Tumors 0.94 0.058 20 

Using these typical T1 and T2 parameter values for 
particular tissues and assuming equal hydrogen nuclei 
densities and no motion in all of these tissues, and using 
the previously described equations, NMR response 25 
intensities for different a and b machine parameters can 
be calculated as shown in the following Table 3: 

TABLE 3 
TYPCAL EXPECTED NMRINTENSTES 

a = 0.028 sec as 0.56 a sat 0.028 a as 0.056 30 
b = 0,5 sec bac OS b is 1.0 b = 0 

Muscle 0.218 0.088 0.38 0.29 
Liver 0.333 0.65- 0.443 0.220 
Fat 0.483 0.288 0.574 0.342 
Brain 0.276 0.63 0.423 0.250 35 
Hematona 0.296 0.94 0.458 0.300 
Abscess 0.360 0.222 0.50 0.35 
Pyogenic 
Abscess 0.276 0.177 0.433 0.278 
Sterile 
Tumors O,2S4 0,157 0.404 0.249 40 

Using the above calculations, it can be shown that 
these different selected machine parameter values a and 
b provide quite different image contrasts between vari 
ous tissue types where contrast between tissue 1 and 
tissue 2 is defined as a percentage equal to 100 times the 
difference in measured intensities between the two tis 
sues divided by the measured intensity of the second 
tissue. For example, some typical expected image con 
trast percentages have been calculated in accordance 
with the data of Tables 2 and 3 as set forth in Table 4 
below: 

45 
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TABLE 4 
Typical Expected Tissue Contrast 55 

a = 0.028 sec a = 0.056 a = 0.028 as 0.0S6 
b = 0.5 sec b = 0.5 = 1.0 b is .0 

Liver- 53% 88% 39% 7% 
Muscle 
Fat- 22% 22.7% 81% 165% 
Muscle 60 
Tumors- 17% 78% 27% 93% 
Muscle 
Tumors- -24% -5% -9% 13% 
Liver 
Hematoma- 7% 19% 8% 20% 
Brain 65 
Abscess 65% 52% 60% 14.4% 
(P)-Muscle 
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Using the same formula for calculating contrast, a 

straightforward Tl image would have produced a con 
trast of only about 31% between muscle and liver tis 
sues while a straightforward T2 image would have 
produced an expected contrast of only about 29%. 
However, utilizing various a and b machine parameters, 
an image of measured intensity I (which is a function of 
a, b, T1 and T2), with a range of contrasts is available 
from 39% to 88%. Similar examples of enhanced con 
trast can be seen for other typical entries in these tables. 
In general, for two tissues 1 and 2 having assumed equal 
proton densities and T1 NMR parameter values, the 
optimum machine parameter a can be chosen for maxi 
mizing the measured intensity contrast between those 
images: 

A = e-a/T2,l - e-b/T2.2 (Equation 3) 

dA- - - - -a/T2. -----a/T22 - (Equation 4) 
da T, e -- T22 e = 0 

T2,112.2 (Equation 5) 
st am nT / a = left in(T./T.) 

Using the above equations, optimum values of the b 
parameter for fixed assumed equal values of the T2 
parameter could also be calculated. It should also be 
apparent that optimum values for a and b parameters for 
other given situations can be calculated. In general, the 
a machine parameter (T2-related) is chosen to have a 
value between the expected T2 NMR parameter values 
for the tissues in question. Similiarly, the b machine 
parameter (T1-related) is chosen to lie between the Tl 
NMR parameter value for the tissues of interest. 
Using these principles, it should be possible by calcu 

lation and/or experience to determine optimum ma 
chine parameter settings a and b for enhancing the con 
trast between given types of tissue and thus enhancing 
the diagnostic capability of the NMR scanner con 
structed in accordance with the teachings of this inven 
tion where thea and b machine parameters can be selec 
tively chosen by the operator. 
By performing only two complete measurement se 

quences of measurement cycles in accordance with this 
invention, it is possible to calculate both the T1 and T2 
NMR parameter values for each elemental measured 
volume of tissue. Thereafter, using the heretofore de 
fined equations of relationship between the machine a 
and b parameters and the MNRT1 and T2 parameters, 
it is possible to mathematically calculate an optimum 
contrast image of calculated intensity values. On the 
other hand, if optimum or close to optimum machine a 
and b parameters are known in advance for enhancing 
the contrast between given tissue types, then, in accor 
dance with the principles of this invention, a single 
measurement sequence (of plural measurement cycles as 
exemplified in FIG. 4) can produce an image of mea 
sured NMR intensity values which produces an opti 
mum or near optimum contrast image for distinguishing 
between selected types of tissues. 

Conventional data entry devices are associated with 
NMR control computer 20 in FIG. 2 to permit selection 
of a desired machine parameter value for thea and/or b 
parameters of the exemplary embodiment. For example, 
as shown, a select machine parameter input 32 is pro 
vided. In the preferred exemplary embodiment, the 
selection means 32 for selecting the a and b machine 
parameters is the same keyboard used for other operator 
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interfaces with the NMR system control. 20. For exam 
ple, the keyboard is typically incorporated as part of a 
conventional video display/keyboard input/output ter 
minal device connected to one of the data processors of 
the NMR system control through the data acquisition 
and display computer 31 and associated serial line links 
as shown in FIG. 2. As will be appreciated, separate 
dedicated switches could also be provided if desired for 
this machine parameter selection function. In the exem 
plary embodiment, the a and b parameters are operator 
selected and are achieved by changing the delay times 
included in a programmed sequence (shown in detail at 
FIGS. 6A-6E). Alternatively, the operator could select 
one of several different programmed sequences, each 
programmed sequence being designed to effect a partic 
ular combination of a and b parameter values. 
The particular presently preferred exemplary pro 

gram sequence for controlling the a and b machine 
parameters is set forth explicitly at FIGS. 6A-6E. 
These Figures depict a complete measurement sequence 
for effecting several measurement cycles as set forth in 
FIG. 4. 

In response to an instruction from the operator, the 
program sequence for a given complete measurement 
sequence is entered. As noted in FIG. 6A, control 
counters I, J and K are initialized to have a contents of 
1. Thereafter, at 600, the Y gradient coils are energized 
with a predetermined current amplitude (e.g. 3.44 amps) 
for a desired time (e.g. 4.5 milliseconds). Then, at 602, 
the RF transmitter circuitry is initialized (e.g., con 
nected to the rif coil via the r.f. switch) and a small 
delay (e.g. 0.5 milliseconds) is encountered to ensure 
that all of the transmitter circuitry is fully ready to 
operate. Then, at decision point 604, depending upon 
the value of the K counter contents, either 0 or 180 
phase IF signals are selected via the multiplexer 306 in 
FIG. 3. Thereafter, using a lookup table for the image 
line volume to be addressed, the frequency synthesizer 
300 is set to the appropriate frequency at 606. The trans 
mit RF control signal is then switched "on' so as to 
trigger the one-shot 320 in FIG. 3 and to enable gate 
314. The sinc (t) function is also generated at this time 
and used to modulate the first 90' mutation pulse X1 
which is transmitted for a 5 millisecond duration as 
shown in box 6. 

After the 90' mutation pulse X1 has existed for the 
requisite time to cause a 90' mutation, the functions at 
610 are performed so as to switch the RF on/off control 
signals to the "off" condition and to set the frequency 
synthesizer 300 back to its center frequency. At the 
same time, a Y gradient phase correction current ampli 
tude (e.g. -3.87 amps) and Z gradient phase correction 
current amplitude (1.68 amps) are set and this condition 
is maintained for a desired time (e.g. 2.5 milliseconds). 
At the conclusion of the gradient phase correction 

pulses, the Y and Z gradient coil currents are reset to 
zero at 612 and an additional time delay (e.g. 2.5 milli 
seconds) is entered. Thereafter, the X gradient coil 
driver is set to deliver a desired X gradient magnetic 
field (0.70 amps) and timed for a desired duration (e.g. 
3.5 milliseconds) so as to permit the X gradient to reach 
its desired equilibrium level. At 616, the transmitter 
circuitry is again initialized and, at 618, depending upon 
the content of counter K, the multiplex selector 306 is 
set to select either 0 or 90 phase signals. Then, at 620, 
the transmitter RF is switched "on' and another sinct) 
modulated pulse is timed (e.g. 5.0 milliseconds) so as to 
cause a 180' mutation of the selected nuclei in the mea 
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sured line volume. Thereafter, the 180 mutation Y1 RF 
pulse is switched off which also results in resetting the 
phase of reference RF signals supplied to the receiver 
circuitry. 
After some predetermined time (e.g. 355 millisec 

onds) the X gradient coil is de-energized at 624 and the 
receiver circuits 26 are gated on in readiness for the 
receipt of the first spin echo NMR response. In accor 
dance with the earlier time delay occurring between the 
90' mutation pulse X1 and the 180' nutation pulse Y1 
and the rule of equal times, an additional time delay 
(3.278 milliseconds) is encountered before the Z gradi 
ent coil is set (e.g. at 0.94 amps) at 626 and the first spin 
echo NMR response signal is sampled (e.g. at 73 micro 
second intervals) for the duration of a window (e.g. 
9.344 milliseconds corresponding to 128 samples) dur 
ing which the spin echo signal is expected. 
As noted in the Figures, this first spin echo has an a 

machine parameter of approximately 28 milliseconds 
for the exemplary sequence shown in the flow chart. 
This value could of course be adjusted either up or 
down by selecting different time delays between gener 
ation of the 90' mutation pulse and the 180' nutation 
pulse. For example, the time delays encountered at 612 
and possibly at 614 might be adjusted to achieve differ 
ent a machine parameter values for the first spin echo 
signal. 
At the conclusion of data taking for the first spin echo 

NMR response, the Z gradient coil is set to provide 
desired phase correction (e.g. -0.16 amp) and the re 
ceiver circuitry is gated off. This condition persists at 
box 628 for some desired time (e.g. 2.828 milliseconds) 
before the X gradient coil is set up at 630 for another RF 
excitation pulse. That is, the Z gradient phase correc 
tion is turned off while the X gradient coil is set at some 
desired value (e.g. 0.70 amps) and permitted to settle out 
to its equilibrium value (e.g. after a delay of 3.5 millisec 
onds). Then, at 632, the transmitter circuitry is initial 
ized and after a short delay to ensure readiness (e.g. 0.50 
milliseconds), the K counter contents are tested at 634 
to determine the setting of multiplexer 306 in FIG. 3. 
Either a 0" or 180" phase RF signal is thus selected 
before the transmitter RF is again switched on at 636 
and modulated with an appropriate sinc (t) function to 
produce another 180 nutation RF pulse which persists 
for some desired time (e.g. 5.0 milliseconds) required to 
effect a 180' mutation of the nuclei within the selected 
measurement volume. Thereafter, at 638, the RF pulse 
is terminated. 
As should be appreciated from the earlier discussion, 

switching the RF on and switching the RF off at 636 
and 638 will have each resulted in resetting the relative 
phase of the RF reference signals produced by the 
transmitter circuitry in FIG. 3. 

After an appropriate time delay (e.g. 3.55 millisec 
onds), the X gradient coil is switched off at 640 and the 
receiver circuitry is initialized in anticipation of the 
second spin echo NMR response. After an appropriate 
delay to ensure readiness (e.g. 3.278 milliseconds), the Z 
gradient coil is set up at 642 (e.g. 0.94 amps) and the 
second spin echo signal is sampled (e.g. at 73 microsec 
ond intervals) for the duration of the second window 
during which the second spin echo signal is expected 
(e.g. 9.344 milliseconds). As noted in the Figures, the a 
parameter for this second spin echo signal is approxi 
mately 56 milliseconds. As before, the a parameter asso 
ciated with the second spin echo response can be either 
increased or decreased by adjusting appropriate earlier 
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time delays in the measurement cycle as defined in the 
flow chart. 

Thereafter, at 644, the Z gradient coil is turned off as 
is the receiver at 646 and the K-counter is incremented 
and tested at 648 to see if a quartet of measurement 
cycles has yet been completed. If a quartet has been 
completed, the K counter is reset to 1 at 650. Thereaf 
ter, at 652, counter I is tested to see if the total number 
of measurement cycles has been completed for a com 
plete measurement sequence. Typically, 12-14 measure 
ment cycles comprise a complete measurement se 
quence. If this number of measurement cycles has not 
yet been achieved, the I counter is incremented at 654 
and a time delay is entered at 656 designed to achieve 
the desired b machine parameter (i.e. the T1-related 
parameter). After the desired time delay (e.g. b-68.172 
milliseconds), control is passed back to 600 for the initi 
ation of another complete measurement cycle. 
When the requisite number of measurement cycles 

have been completed (as tested at decision block 652), 
the contents of the counter are tested at 658 to see if all 
of the line volumes in a given planar volume of interest 
have been addressed and examined. If not, the J counter 
is incremented and the I counter is reset to 1 at 600. 
Control is then passed to the time delay at 656 to 
achieve the desired b machine parameter before another 
entire measurement sequence is entered by passing con 
trol back to box 600. Eventually, the desired averaged 
spin echo data will have been collected for all of the line 
volumes in a given planar volume and the programmed 
sequence will exit at 662 to some other desired func 
tional control in the NMR system control. 20. Typically, 
this would be the Fourier transformation of all of the 
accumulated spin echo data so as to generate display 
pixel values which can thereafter be displayed on a 
CRT screen as corresponding gray or colored values to 
visually depict the measured cross-section. As should be 
apparent from the above discussion, the apparent con 
trast in such a cross-sectional image between different 
tissue types will depend not only upon the inherent T1 
and/or T2 NMR parameters of the tissue itself but also 
upon the selection of machine parameters a and b. By 
making the machine parameters a and b selectable under 
operator control, enhanced contrast in the resulting 
image obtained from even a single complete measure 
ment sequence may be obtained. That is, the resultant 
image of measured NMR response intensities may have 
a contrast greater than that which would be obtained 
from a display of either T1 or T2 values per se. 
As should also be apparent, a single measurement 

sequence provides spin echo data for each measured 
volume having two different "a' machine parameters 
(T2-related) associated therewith. Accordingly, a best 
fit to an exponential curve can be achieved using these 
two data points for each measured volume thus deter 
mining the T2 NMR parameter actually associated with 
that measured volume. By executing another complete 
measurement sequence utilizing a different "b" machine 
parameter (T1-related), similar fitting of the measured 
data to an exponential curve can result in a measured T1 
value for each measured volume. Thus, by executing 
only two complete measurement sequences in accor 
dance with this invention both the T1 and T2 NMR 
parameters of all elemental measured tissue volumes can 
be determined and using the equations explained hereto 
fore, an optimum contrast image can be calculated by 
the data acquisition and display computer 31 and dis 
played. Alternatively, optimum machine parameters a 

O 

15 

20 

25 

30 

35 

45 

50 

55 

65 

22 
and b may be predetermined for enhanced or optimum 
image contrast between selected tissue types and if these 
machine control parameters a and b are operator se 
lected, a single measurement sequence can result in an 
enhanced or optimum contrast image of measured I 
values without the necessity of even performing two 
measurement sequences (and the measurement cycles 
could possibly be shortened to one spin echo in this 
event). 

Preferably the time delays embedded within the mea 
surement sequence of FIGS. 6A-6E are operator se 
lected via a keyboard from a continuously or discretely 
variable spectrum of possibilities. For example, in the 
exemplary embodiment the a parameter may be varied 
over a desired range by permitting the operator to key 
in changes in the various time delay constants employed 
in the FIG. 6A-6E sequence, using an executive pro 
gram routine of the type shown in FIG. 7. Alterna 
tively, several different fixed measurement sequences of 
the type shown in FIG. 6A-6E may be prepared for 
different timing parameters and selectively entered 
under operator control as shown in FIG. 8. 
While only one specific exemplary embodiment of 

this invention has been described in detail, those skilled 
in the art will appreciate that many modifications and 
variations of this embodiment may be made without 
departing from the novel and advantageous features of 
this invention. Accordingly, all such variations and 
modifications are intended to be included within the 
scope of the appended claims. 
What is claimed is: 

1. An imaging NMR scanner for deriving at least 
one spin echo NMR r.f. signal from selected internal 
regions of an object under test in response to applied 
pulses of transmitted rif, signals during each of succes 
sive measurement cycles, wherein said spin echo NMR 
r.f. signals have respective amplitudes dependent upon 
the T1 and T2 NMR parameters of the internal region 
under test and upon first and second time parameters 
representing the elapsed times from the beginning of a 
measurement (a) cycle until the spin echo occurrence 
and (b) until the beginning of the next measurement 
cycle, respectively, said scanner comprising: 
NMR excitation means capable of selectively con 

trolling said first and second time parameters, and 
NMR detection means for detecting said spin echo 
NMR r.f. signals. 

2. An imaging NMR scanner for deriving data repre 
senting the internal structures of an object having corre 
sponding T1 and T2 NMR parameters, said scanner 
comprising: 
NMR excitation means for exciting said internal 

structure to provide plural NMR spin echo output 
signals during each of successive measurement 
cycles, said spin echo NMR output signals each 
having an amplitude dependent upon (1) a first time 
parameter corresponding to the elapsed time from 
the beginning of a measurement cycle to the occur 
rence of the NMR spin echo output signal and (2) 
a second time parameter corresponding to the 
elapsed time between the initiation of successive 
measurement cycles; and 

control means connected to said excitation means for 
selectively controlling said first and second time 
parameters to selectively enhance the detection of 
differences between the NMR spin echo output 
signals emanating from different selected ones of 
said internal structures. 
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3. An imaging NMR scanner as in claim 2 wherein 
said NMR excitation means generates pulses of trans 
mitted r.f. signals and includes: 
phase control means for accurately controlling the 

relative phase of said transmitted r.f. signals at the 
initiation of a pulse thereof. 

4. An imaging NMR scanner as in claim 3 wherein 
said NMR excitation means also generates referencer.f. 
signals for use in detecting said NMR output signals and 
wherein: 

said phase control means also includes means accu 
rately controlling the relative phase of said refer 
encer.f. signals at a predetermined time prior to the 
expected time occurrence of said NMR spin echo 
output signals. 

5. An imaging NMR scanner as in claim 4 wherein 
said phase control means resets the relative phase of said 
reference r.f. signals at the termination of a pulse of said 
transmitted r.f. signals. 

6. An imaging NMR scanner as in claim 4 wherein 
said phase control means resets the relative phase of said 
transmitted r.f. signals at the initiation of each pulse 
thereof and resets the relative phase of said reference 
r.f. signals at the termination of each such pulse. 

7. A cross-sectional imaging NMR scanner for deriv 
ing data representing the internal structure of an object 
located therewithin, said scanner comprising: 

magnetic field generating means for generating con 
trolled magnetic fields having selectable magnitude 
within a selected measurement volume; 

r.f. transmitting means for selectively generating 
pulses of r.f. electromagnetic fields within said 
measurement volume having selectable frequency 
and phase, 

rf receiving means for selectively receiving rif elec 
tromagnetic fields of predetermined frequency and 
phase emanating from within said measurement 
volume; 

control means connected to said magnetic field gen 
erating means, to said r.f. transmitting means and to 
said rif receiving means for controlling same in 
predetermined controlled sequences which pro 
duce at least two spin echo r.f. signals also contain 
ing FID r.f. signal components from said object 
during each of successive measurement cycles with 
the relative signs of spin echo and FID signal com 
ponents being different during at least some of such 
measurement cycles as compared to others of such 
measurement cycles; and 

means for coherently combining respectively corre 
sponding ones of said spin echor.f. signals resulting 
from successive measurement cycles to cumula 
tively enhance the spin echo signal components 
while simultaneously reducing the FID signal com 
ponents. 

8. A cross-sectional imaging MNR scanner for deriv 
ing data representing the internal structure of an object 
located therewithin, said scanner comprising: 

magnetic field generating means for generating con 
trolled magnetic fields having selectable magnitude 
within a selected measurement volume; 

r.f. transmitting means for selectively generating 
pulses of r.f. electromagnetic fields within said 
measurement volume having selectable frequency 
and phase, 

rf. receiving means for selectively receiving r.f. elec 
tromagnetic fields of predetermined frequency and 
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24 
phase emanating from within said measurement 
volume; 

control means connected to said magnetic field gen 
erating means, to said r.f. transmitting means and to 
said r.f. receiving means for controlling same in a 
predetermined controlled sequence which pro 
duces at least two spin echo r.f. signals from said 
object during each measurement cycle; 

wherein said control means is adapted to cause trans 
mission during each measurement cycle of a 90' 
nutation RF pulse followed by a 180' mutation RF 
pulse and, after a first spin echo signal occurs, to 
cause transmission of a further 180' nutation RF 
pulse which will thereafter cause a second spin 
echo signal to occur and wherein the relative pha 
ses of said RF pulses during any given measure 
ment cycle are chosen from one line of the follow 
ing table: 

Phase of Phase of st Phase of 2nd 
90 RF Pulse 80 RF Pulse 80 RF Pulse 

. O 0. 0. 
b. 0. 90 O 
C. O 80 O 
d. 0. 270° O 
e. 80 O 80 
f so 90 80 
. 80 180 18 

h. 80 270 so 

9. A cross-sectional imaging NMR scanner as in claim 
8 wherein said control means is adapted to produce 
measurement cycles in multiples of four, with each such 
group of four measurement cycles corresponding to 
four selected ones of said lines a-h in said table, said 
four lines being chosen to produce a final combined spin 
echo signal which is non-zero but in which combined 
FID signal components substantially cancel in accor 
dance with the following continuation of said table: 

Sign of 
spin echo 

Sign of x 
plane FID 

Sign of y 
plane FID 

-- 
- Quadrature 

- Quadrature 
-- 

- Quadrature 

- Quadrature 

10. A cross-sectional imaging NMR scanner for de 
riving data representing the internal structure of an 
object located therewithin, said scanner comprising: 

magnetic field generating means for generating con 
trolled magnetic fields having selectable magnitude 
within a selected measurement volume; 

rf, transmitting means for selectively generating 
pulse of rif electromagnetic fields within said mea 
surement volume having selectable frequency and 
phase, 

rf receiving means for selectively receiving r.f. elec 
tromagnetic fields of predetermined frequency and 
phase emanating from within said measurement 
volume; 

control means connected to said magnetic field gen 
erating means, to said r.f. transmitting means and to 
said rif receiving means for controlling same in a 
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predetermined controlled sequence which pro 
duces at least two spin echo r.f. signals from said 
object during each measurement cycle; 

wherein each of said spin echor.f. signals have a peak 
amplitude approximately proportional to 

where 
a=a first time parameter corresponding to the 

elasped time from the beginning of a measure 
ment cycle to the spin echo signal peak, 

b= a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles, 

T1 = the NMR longitudinal time constant of the 
measured volume, 

T2= the NMR transverse time constant of the mea 
sured volume; 

and wherein said control means is adapted to selec 
tively vary said first and second time parameters so 
as to enhance the resultant contrast between differ 
ing parts of said internal structure. 

11. A cross-sectional imaging NMR scanner for de 
riving data representing the internal structure of an 
object located therewithin, said scanner comprising: 

magnetic field generating means for generating con 
trolled magnetic fields having selectable magnitude 
within a selected measurement volume; 

r.f. transmitting means for selectively generating 
pulse of rif. electromagnetic fields within said mea 
surement volume having selectable frequency and 
phase, 

rf, receiving means for selectively receiving r.f. elec 
tromagnetic fields of predetermined frequency and 
phase emanating from within said measurement 
volume; 

control means connected to said magnetic field gen 
erating means, to said r.f. transmitting means and to 
said r.f. receiving means for controlling same in a 
predetermined controlled sequence which pro 
duces at least two spin echo r.f. signals from said 
object during each measurement cycle; 

wherein said r.f. transmitting means includes phase 
control reset means for accurately resetting the 
relative phase of said r.f. fields at the initiation of 
each of said pulses. 

12. A cross-sectional imaging NMR scanner as in 
claim 11 wherein said transmitting means is connected 
to provide r.f. reference signals to said r.f. receiving 
means subsequent to at least selected ones of said pulses, 
and wherein said pulse control reset means also accu 
rately resets the relative phase of said rf reference 
signals at the termination of or subsequent to said se 
lected ones of said pulses. 

13. A cross-sectional imaging NMR scanner as in 
claim 10 wherein said a and b parameters are selected 
via said control means to enhance the contrast between 
a first part of said internal structure having T1" and T2' 
NMR parameters and a second part of said internal 
structure having T1" and T2" NMR parameters by 
causing said a parameter to have a value between the 
T2' and T2" values and by causing said b parameter to 
have a value between the Tl' and T1" values. 

14. A cross-sectional imaging NMR scanner as in 
claim 13 wherein said control means includes means for 
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26 
selecting the a parameter value approximately as de 
fined by the equation: 

15. An imaging NMR scanner for deriving data 
representing internal structure of an object having cor 
responding T1 and T2 NMR parameters, said scanner 
comprising: 
NMR excitation means for exciting said internal 

structure to provide at least one NMR spin echo 
output signal during each of successive measure 
ment cycles, said NMR spin echo output signals 
having an amplitude approximately proportional to 

where 
a=a first time parameter corresponding to the 

elapsed time from the beginning of a measure 
ment cycle to the NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles; 

NMR detection means for detectin9 said NMR spin 
echo output signals; and 

measurement control means connected to said NMR 
excitation means for controlling at least one of said 
first and second time parameters so as to enhance 
the resultant contrast between differing parts of 
said internal structure. 
16. An imaging NMR scanner as in claim 15 

wherein said control means includes means for selecting 
saida and b parameters to enhance the contrast between 
a first part of said internal structure having T1' and T2' 
NMR parameters and a second part of said internal 
structure having T1" and T2" NMR parameters by 
selecting the a parameter to have a value between the 
T2' and T2" values and by selecting the b parameter to 
have a value between the T1" and T1" values. 

17. An imaging NMR scanner as in claim 16 for 
deriving data representing internal structure of an object 
having corresponding T1 and T2 NMR parameters, said 
scanner comprising 
NMR excitation means for exciting said internal struc 

ture to provide at least one NMR spin echo output 
signal during each of successive measurement cycles, 
said NiMR spin echo output signals having an ampli 
tude approximately proportional to 

where 
a = a first time parameter corresponding to the elapsed 

time from the beginning of a measurement cycle to 
the NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement cy 
cles. 

NMR detection means for detecting said NMR spin 
echo output signals and 

measurement control means connected to said NMR 
excitation means for controlling at least one of said 
first and second time parameters so as to enhance the 
resultant contrast between differing parts of said inter 
nal structure, wherein said control means includes 
means for selecting said a and b parameters to en 
hance the contrast between a first part of said internal 
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structure having Tl' and T2" NMR parameters and a 
second part of said internal structure having Ti" and 
T2" NMR parameters by selecting the aparameter to 
have a value between the T2 and T2" values and by 
selecting the b parameter to have a value between the 
Tl' and Ti" values wherein said control means is 
adapted to cause transmission during each mea 
surement cycle of a 90' nutation RF pulse followed 
by a 180' nutation RF pulse and, after a first spin 
echo signal occurs, to cause transmission of a fur 
ther 180 RF pulse which will thereafter cause a 
second spin echo signal to occur and wherein the 
relative phases of said RF pulses during any given 
measurement cycle are chosen from one line of the 
following table: 

Phase of Phase of st Phase of 2nd 
90' RF Pulse 80 RF Pulse 180 RF Pulse 

3. O O O 
b. 0. 90 O 
C. O 80 0. 
d. 0. 270 O 
e. 180" O 180 
f. 180" 90 180 
2. 180 180 18O 
h. 18O 270 180 

18. An imaging NMR scanner as in claim 15, 16 or 
17 wherein said NMR excitation means produces suc 
cessive pulses of RF fields through said object and 
wherein said excitation means includes an r.f. signal 
generator producing r.f. signals and a phase control 
reset means for accurately resetting the relative phase of 
said r.f. signals at the initiation of each of said pulses. 

19. An imaging NMR scanner as in claim 18 wherein 
said r.f. signal generator provides reference r.f. signals 
to said NMR detection means and said phase control 
reset means also accurately resets the relative phase of 
said reference r.f. signals at least once during each mea 
surement cycle. 

20. An imaging NMR scanner as in claim 19 wherein 
said phase control means resets the relative phase of said 
reference r.f. signals at the termination of each of said 
pulses. 

21. An imaging NMR scanner for deriving en 
hanced contrast data representing first and second inter 
nal structures of an object, said structures having T1", 
T2' and T1", T2" NMR parameters, respectively, said 
scanner comprising: 
NMR excitation means for exciting said object to 
provide NMR spin echo output signals during suc 
cessive measurement cycles, said NMR output 
signals having an amplitude approximately propor 
tional to 

where 
a=a first time parameter corresponding to the 

elapsed time from the beginning of a measure 
ment cycle to said NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles, 

Tl = the NMR longitudinal time constant of the 
measured volume 
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T2= the NMR transverse time constant of the mea 
sured volume; and 

excitation control means for selecting values for said 
first and second time parameters which enhance 
the contrast between NMR signals obtained from 
said first and second internal structures respec 
tively. 
22. An imaging NMR scanner as in claim 21 

wherein said control means includes means for selecting 
the value of said first time parameter between the T2' 
and T2" values and for selecting the value of said sec 
ond time parameter between the T1" and T1" values. 

23. An imaging NMR scanner as in claim 22 
wherein said control means includes means for selecting 
the a parameter value approximately as defined by the 
equation: 

a-T2T2"1n(T2/T2")/(T2'-T2"). 
24. An imaging NMR scanner as in claim 21, 22, or 

23 for deriving enhanced contrast data representing first 
and second internal structures of an object, said structures 
having T1, T2 and Ti", T2" NMR parameters, respec 
tively, said scanner comprising 
NMR excitation means for exciting said object to pro 

vide NMR spin echo output signals during successive 
measurement cycles, said NMR output signals having 
an amplitude approximately proportional to 

where 
a=a first time parameter corresponding to the elapsed 

time from the beginning of a measurement cycle to 
said NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement cy 
cles, 

T1= the NMR longitudinal time constant of the nea 
sured wolune 

T2= the NMR transverse time constant of the nea 
sured wolune, and 

excitation control means for selecting values for said first 
and second time parameters which enhance the contrast 
between NMR signals obtained from said first and sec 
ond internal structures respectively, 

wherein said NMR excitation means produces succes 
sive pulses of RF fields through said object and wherein 
said excitation means includes an rif signal generator 
producing r.f. signals and a phase control reset means 
for accurately resetting the relative phase of said r.f. 
signals at the initiation of each of said pulses. 

25. An imaging NMR scanner as in claim 24 wherein 
said r.f. signal generator provides r.f. reference signals 
and said phase control reset means also accurately resets 
the relative phase of said reference r.f. signals at least 
once during each measurement cycle. 

26. An imaging NMR scanner as in claim 25 wherein 
said phase control means resets the relative phase of said 
reference r.f. signals at the termination of each of said 
pulses. 

27. An improved imaging NMR scanner of the type 
including NMR excitation means for generating r.f. 
NMR responses from an object to be imaged and in 
cluding r.f. signal generator means generating reference 
r.f. signals for use in synchronously detecting said r.f. 
NMR responses and also generating pulses of transmit 
ted r.f. signals to be transmitted into said object for 
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causing the production of said rif NMR responses 
wherein the improvement comprises: 

phase control reset means for accurately resetting the 
relative phase of said transmitted r.f. signals at the 
initiation of said pulses. 

28. An improved NMR scanner of the type including 
NMR excitation means for generating r.f. NMR re 
sponses from an object to be imaged and including r.f. 
signal generator means generating reference r.f. signals 
for use in synchronously detecting said r.f. NMR re 
sponses and also generating pulses of transmitted r.f. 
signals to be transmitted into said object for causing the 
production of said r.f. NMR responses wherein the 
improvement comprises: 

phase control reset means for accurately resetting the 
relative phase of said transmitted r.f. signals at the 
initiation of said pulses; and 

wherein said phase control reset means also accu 
rately resets the relative phase of said reference r.f. 
signals at the termination of or subsequent of said 
pulses. 
29. An NMR imaging method for deriving at least 

one spin echo NMR r.f. signal from selected internal 
regions of an object under test in response to applied 
pulses of transmitted r.f. signals during each of succes 
sive measurement cycles, wherein said spin echo NMR 

10 

s 

20 

25 

r.f. signals have respective amplitudes dependent upon 
the T1 and T2 NMR parameters of the internal region 
under test and upon first and second time parameters 
representing the elapsed times from the beginning of a 
measurement (a) cycle until the spin echo occurrence 
and (b) until the beginning of the next measurement 
cycle, respectively, said method comprising: 

selectively controlling said first and second time pa 
rameters, and 

detecting said spin echo NMR r.f. signals. 
30. A method for deriving NMR imaging data repre 

senting the internal structures of an object having corre 
sponding T1 and T2 NMR parameters, said method 
comprising: 

exciting said internal structure to provide plural 
NMR spin echo output signals during each of suc 
cessive measurement cycles, said spin echo NMR 
output signals each having an amplitude dependent 
upon (1) a first time parameter corresponding to 
the elapsed time from the beginning of a measure 
ment cycle to the occurrence of the NMR spin 
echo output signal and (2) a second time parameter 
corresponding to the elapsed time between the 
initiation of successive measurement cycles; and 

selectively controlling said first and second time pa 
rameters to selectively enhance the detection of 
differences between the NMR spin echo output 
signals emanating from different selected ones of 
said internal structures. 

31. A method as in clain 30 wherein said exciting step 
includes the generation of pulses of transmitted r.f. sig 
nals and further comprises: 

accurately controlling the relative phase of said trans 
mitted r.f. signals at the initiation of a pulse thereof. 

32. A method as in claim 31 wherein said exciting step 
also generates reference r.f. signals for use in detecting 
said NMR output signals and includes: 

accurately controlling the relative phase of said refer 
ence r.f. signals at a predetermined time prior to the 
expected time occurrence of said NMR spin echo 
output signals. 
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33. A method as in claim 32 wherein the relative 

phase of said reference r.f. signals is reset at the termina 
tion of a pulse of said transmitted r.f. signals. 

34. A method as in claim 32 wherein the relative 
phase of said transmitted r.f. signals is reset at the initia 
tion of each pulse thereof and the relative phase of said 
reference r.f. signals is reset at the termination of each 
such pulse. 

35. A method of NMR imaging deriving data repre 
senting the internal structure of an object located there 
within, said method comprising: 

generating controlled magnetic fields having select 
able magnitude within a selected measurement 
volume; 

selectively generating pulses of rif electromagnetic 
fields within said measurement volume having se 
lectable frequency and phase; 

selectively receiving r.f. electromagnetic fields of 
predetermined frequency and phase emanating 
from within said measurement volume; 

controlling the aforesaid steps in predetermined con 
trolled sequences which produce at least two spin 
echo r.f. signals also containing FID signal compo 
nents from said object during each of successive 
measurement cycles with the relative signs of spin 
echo and FID signal components being different 
during at least some of such measurement cycles as 
compared to others of such measurement cycles; 
and 

coherently combining respectively corresponding 
ones of said spin echo r.f. signals resulting from 
successive measurement cycles to cumulatively 
enhance the spin echo signal components while 
simultaneously reducing the FID signal compo 
ments. 

36. A method of NMR imaging derived data repre 
senting the internal structure of an object located there 
within, said method comprising: 

generating controlled magnetic fields having select 
able magnitude within a selected measurement 
volume; 

selectively generating pulses of r.f. electromagnetic 
fields within said measurement volume having se 
lectable frequency and phase; 

selectively receiving r.f. electromagnetic fields of 
predetermined frequency and phase emanating 
from within said measurement volume; 

controlling the aforesaid steps in a predetermined 
controlled sequence which produces at least two 
spin echo r.f. signals from said object during each 
measurement cycle; 

wherein said controlling step causes transmission 
during each measurement cycle of a 90' mutation 
RF pulse followed by a 180' nutation RF pulse 
and, after a first spin echo signal occurs, causes 
transmission of a further 180 nutation RF pulse 
which will thereafter cause a second spin echo 
signal to occur and wherein the relative phases of 
said RF pulses during any given measurement 
cycle are chosen from one line of the following 
table: 

Phase of Phase of list Phase of 2nd 
90' RF Pulse 180 RF Pulse 80 RF Pulse 

a. O 0" O 
b. O 90' O' 
C. 0. 80' 0. 
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-continued 
Phase of Phase of list Phase of 2nd 

90 RF Pulse to RF Pulse 180 RF Pulse 

d. 0. 270 O s 
e. 80 O 80 
f. O so 180 
. 80 O 8O 

h. O 270 180 

37. A method as in claim 36 wherein said controlling O 
step produces measurement cycles in multiples of four, 
with each such group of four measurement cycles cor 
responding to four selected ones of said lines a-h in said 
table, said four lines being chosen to produce a final 

8. w - . 15 

combined spin echo signal which is non-zero but in 
which combined FID signal components substantially 
cancel in accordance with the following continuation of 
said table: 

2O 

Phase of Phase of st Phase of 2nd 
90 RF Pulse 80 RF Pulse 80 RF Pulse 

8. o 0. 0. 
b. 0. 90 0. 
C. 0. 80 O 25 
d. o 270 0. 
e. so 0. 180 
f 180 g 180 

18O 180 18 
h. s 270 s 

30 

38. A method of NMR imaging deriving data repre 
senting the internal structure of an object located there 
within, said method comprising: 

generating controlled magnetic fields having select 
able magnitude within a selected measurement 
volume; 

selectively generating pulses of r.f. electromagnetic 
fields within said measurement volume having se 
lectable frequency and phase; 

selectively receiving r.f. electromagnetic fields of 
predetermined frequency and phase emanating 
from within said measurement volume; 

controlling the aforesaid steps in a predetermined 
controlled sequence which produces at least two 45 
spin echo r.f. signals from said object during each 
measurement cycle; 

wherein each of said spin echor.f. signals have a peak 
amplitude approximately proportional to 

35 
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where 
a=a first time parameter corresponding to the 

elapsed time from the beginning of a measure 
ment cycle to the spin echo signal peak, 

b =a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles, 

T1= the NMR longitudinal time constant of the 
measured volume; 

T2= the NMR transverse time constant of the mea 
sured volume; 

and wherein said controlling step selectively varies 
said first and second time parameters so as to en 
chance the resultant contrast between differing 
parts of said internal structure. 
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39. A method of NMR imaging deriving data repre 

senting the internal structure of an object located there 
within, said method comprising: 

generating controlled magnetic fields having select 
able magnitude within a selected measurement 
volume; 

selectively generating pulses of r.f. electromagnetic 
fields within said measurement volume having se 
lectable frequency and phase; 

selectively receiving r.f. electromagnetic fields of 
predetermined frequency and phase emanating 
from within said measurement volume; 

controlling the aforesaid steps in a predetermined 
controlled sequence which produces at least two 
spin echo r.f. signals from said object during each 
measurement cycle; 

wherein said generating pulses of r.f. step comprises 
accurately resetting the relative phase of said r.f. 
fields at the initiation of each of said pulses. 

40. A method as in claim 39 including the step of 
generating rif reference signals for use in said rif, re 
ceiving step subsequent to at least selected ones of said 
pulses, and including the step of accurately resetting the 
relative phase of said r.f. reference signals at the termi 
nation of or subsequent to said selected ones of said 
pulses. 

41. A method as in claim 38 wherein said a and b 
parameters are selected to enhance the contrast be 
tween a first part of said internal structure having T1" 
and T2 NMR parameters and a second part of said 
internal structure having T1" and T2' NMR parame 
ters by choosing said a parameter to have a value be 
tween the T2' and T2" values and by choosing said b 
parameter to have a value between the T1" and T1" 
values. 

42. A method as in claim 41 wherein said controlling 
step includes selecting the a parameter value approxi 
mately as defined by the equation: 

43. A method for deriving NMR data representing 
internal structure of an object having corresponding T1 
and T2 NMR parameters, said method comprising: 

exciting said internal structure to provide at least one 
NMR spin echo output signal during each of suc 
cessive measurement cycles, said NMR spin echo 
output signals having an amplitude approximately 
proportional to 

where 
a=a first time parameter corresponding to the 

elapsed time from the beginning of a measure 
ment cycle to the NMR spin echo output signal, 

b= a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles; 

detecting said NMR spin echo output signals; and 
controlling at least one of said first and second time 

parameters so as to enhance the resultant contrast 
between differeing parts of said internal struc 
ture. 
44. A method as in claim 43 wherein said control 

ling step includes selecting said a and b parameters to 
enhance the contrast between a first part of said internal 
structure having T1 and T2 NMR parameters and a 
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second part of said internal structure having T1" and 
T2" NMR parameters by selecting the a parameter to 
have a value between the T2' and T2" values and by 
selecting the b parameter to have a value between the 
T1' and T1" values. 5 

45. A method as in claim 44 for deriving NMR data 
representing internal structure of an object having corre 
sponding T1 and T2 NMR parameters, and said method 
comprising: 

exciting said internal structure to provide at least one 
NMR spin echo output signal during each of succes 
sive measurement cycles, said NMR spin echo output 
signals having an amplitude approximately propor 
tional to 

10 

where 
a=a first time parameter corresponding to the elapsed 

time from the beginning of a measurement cycle to 
the NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles; 

detecting said NMR spin echo output signals and 
controlling at least one of said first and second tine 
parameters so as to enhance the resultant contrast 
between differing parts of said internal structure, 
wherein said controlling step includes selecting said a 
and b parameters to enhance the contrast between a 
first part of said internal structure having Tl' and T2" 
NMR parameters and a second part of said internal 
structure having T1" and T2" NMR parameters by 
selecting the a parameter to have a value between the 
T2 and T2" values and by selecting the b parameter 
fo have a value between the TI' and Ti" values 

wherein said controlling step causes transmission during 
each measurement cycle of a 90' mutation RF pulse 
followed by a 180' nutation RF pulse and, after a first 
spin echo signal occurs, causes transmission of a further 
180 RF pulse which will thereafter cause a second spin 
echo signal to occur and wherein the relative phases of 
said RF pulses during any given measurement cycle are 

20 

25 

30 

35 

chosen from one line of the following table: 45 

Phase of Phase of 1st Phase of 2nd 
90 RF Pulse 80 RF Pulse 180 RF Pulse 

a. O O O 
b. O 90 O 50 
C. O 180 O' 
d. O 270 O 
e. 180 0" 80' 
f. 80 90 180 
2. 18O 180 80 55 
h. 180 270 180 

46. A method as in claim 43, 44 or 1545 wherein 
said excitation step produces successive pulses of RF 
fields through said object and wherein said excitation 60 
step includes producing r.f. signals and for accurately 
resetting the relative phase of said r.f. signals at the 
initiation of each of said pulses. 

47. A method as in claim 46 wherein reference r.f. 
signals are generated for said NMR detection step in- 65 
cluding accurately resetting the relative phase of said 
reference r.f. signals at least once during each measure 
ment cycle. 

34 
48. A method as in claim 47 wherein the relative 

phase of said reference r.f. signals is reset at the termina 
tion of each of said pulses. 

49. A method for deriving enhanced contrast NMR 
data representing first and second internal structures of 
an object, said structures having T1, T2' and T1", T2" 
NMR parameters, respectively, said method compris 
Ing: 

exciting said object to provide NMR spin echo out 
put signals during successive measurement cycles, 
said NMR output signals having an amplitude ap 
proximately proportional to 

where 
a=a first time parameter corresponding to the 

elapsed time from the beginning of a measure 
ment cycle to said NMR spin echo output signal, 

b= a second time parameter corresponding to the 
elapsed time between successive measurement 
cycles, 

T1 = the NMR longitudinal time constant of the 
measured volume 

T2= the NMR transverse time constant of the mea 
sured volume; and 

selecting values for said first and second time parame 
ters which enhance the contrast between NMR 
signals obtained from said first and second internal 
structures respectively. 
50. A method as in claim 49 wherein said selecting 

step includes selecting the value of said first time param 
eter between the T2' and T2" values and for selecting 
the value of said second time parameter between the T1' 
and T1" values. 

51. A method as in claim 50 wherein said selecting 
step includes selecting the a parameter value approxi 
mately as defined by the equation: 

a-T2T2"ln(T2/T2")/(T2'-T2"). 
52. A method as in claim 49, 50 or 51 for deriving 

enhanced contrast NMR data representing first and sec 
ond internal structures of an object, said structures having 
T1, T2 and T1", T2" NMR parameters, respectively, said 
method comprising: 

exciting said object to provide NMR spin echo output 
signals during successive measurement cycles, sand 
NMR output signals having an amplitude approxi 
nately proportional to 

where 
a = a first time parameter corresponding to the elapsed 

time from the beginning of a measurement cycle to 
said NMR spin echo output signal, 

b=a second time parameter corresponding to the 
elapsed time between successive measurement cy 
cles, 

T = the NMR longitudinal time constant of the nea 
sured volume 

T2= the NMR transverse time constant of the mea 
sured volume, and 

selecting values for said first and second time parane 
ters which enhance the contrast between NMR 
signals obtained from said first and second internal 
structures respectively; wherein said NMR excita 
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tion step produces successive pulses of RF fields 
through said object and wherein said excitation 
step includes producing r.f. signals and accu 
rately resetting the relative phase of said r.f. 
signals at the initiation of each of said pulses. 

53. A method as in claim 52 wherein said r.f. signal 
producing step also provides r. f. reference signals and 
also accurately resets the relative phase of said refer 
ence r.f. signals at least once during each measurement 
cycle. 

54. A method as in claim 53 wherein the relative 
phase of said referencer.f. signals is reset at the termina 
tion of each of said pulses. 

55. An improved imaging NMR method of the type 
including generating rif NMR responses from an object 
to be imaged, generating reference r.f. signals for use in 
synchronously detecting said rif. NMR responses and 
also generating pulses of transmitted r.f. signals to be 
transmitted into said object for causing the production 
of said r.f. NMR responses wherein the improvement 
comprises: 

accurately resetting the relative phase of said trans 
mitted r.f. signals at the initiation of said pulses. 

56. An improved imaging NMR method of the type 
including generating r.f. NMR responses from an object 
to be imaged, generating reference r.f. signals for use in 
synchronously detecting said r.f. NMR responses and 
also generating pulses of transmitted r.f. signals to be 
transmitted into said object for causing the production 
of said rif NMR responses wherein the improvement 
comprises: 
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accurately resetting the relative phase of said trans 

mitted r.f. signals at the initiation of said pulses; and 
resetting the relative phase of said reference r.f. sig 

nals at the termination of or subsequent to said 
pulses. 

57. A method of rapidly generating NMR signal re 
sponses from plural respectively corresponding por 
tions of an object for use in NMR imaging thereof, said 
method comprising the steps of: 

(a) selectively exciting a first predetermined volume 
of the object with a 90" rif. mutation pulse; 

(b) subsequently selectively exciting a second prede 
termined volume of the object with a 180" rif, nuta 
tion pulse; 

(c) said first and second predetermined volumes sub 
stantially intersecting and overlapping so as to 
elicit an NMR spin echo from their common over 
lapping volume; and 

(d) repeating steps (a)-(c) for further intersecting 
overlapping volumes outside of previously excited 
volumes within the spin-lattice relaxation time T1 
of the first predetermined volume. 

58. An NMR imaging method wherein NMR signals 
are rapidly generated for imaging plural planar vol 
umes, said method comprising the steps of: 

(a) selectively exciting a predetermined volume to 
generate an NMR response by successively excit 
ing two regions which overlap to thereby define 
said predetermined volume; and 

(b) repeating step (a) for further predetermined vol 
umes outside of previously excited regions within 
the spin-lattice relaxation time T1 of the first se 
lected predetermined volume. 

e : 


