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SOLID-STATE MAGNETIC RESONANCE 
IMAGING 

BACKGROUND OF THE INVENTION 

The bones of a skeletal system have a dense outer shell, 
or cortex, made of cortical bone (alternatively termed "com­
pact" or "dense" bone). Inside the cortex, many types or 
regions of bone also have a mesh or network of trabecular 
bone (alternatively termed "spongy" or "cancellous" bone), 
made up of roughly the same material as the cortical bone. 
The region or regions enclosed by the cortex and/or the 
trabecular network contain marrow, and are aptly termed the 
"marrow space." In other types or regions of bone, particu­
larly long bones such as femurs, the cortical bone encloses 
a trabecular-free marrow space, termed the "medulla" or the 
"medullary cavity." Regardless of whether it is contained in 
the trabecular network or the medullary cavity, marrow is 
comprised of living matter, including cells and a circulatory 
system, that supports the living constituents of the bone. 
Marrow also contains fat, and houses certain components of 
the blood-forming and immune systems of the body. 

The dense bone material that makes up the cortical and 
trabecular bone is a composite material, made up of organic 
and inorganic constituents, intimately mixed. The organic 
constituents are alternately termed the "matrix" or "osteoid," 
and are comprised primarily of the protein collagen. The 
matrix is cartilage-like and flexible, and gives the bone 
material elasticity arid toughness. 

The inorganic constituents are extremely small mineral 
crystals, carried and bound into a cohesive mass by the 
matrix, and give the bone its hardness and compressive 
strength. The crystals are typically fiat plates on the order of 
hundreds of Angstroms or less on a side, and tens of 
Angstroms in thickness. The mineral crystals comprise 
about 60 to 70 percent of the total dry weight of dense bone. 

A healthy human skeletal system among other things 
structurally supports the body, provides a set of levers for the 
mechanical actions of the skeletal muscles, protects the 
internal organs, houses parts of the blood-forming and 
immune systems, and functions as a storage reservoir for 
phosphate, calcium and other ions. 

In an unhealthy skeletal system, one or more of these 
features may be compromised or lost. In the bone disease 
osteoporosis, the amount of bone in the skeleton is reduced, 
leading to weak and brittle bones and an increased risk of 
fracture. In Paget's disease, the rate at which bone mineral 
and matrix are cyclically resorbed (dissolved) and deposited 
is abnormally high, leading to distorted bone structure and 
pain. In osteomalacia (which is known as rickets when it 
affects growing children), there is an insufficient proportion 
of mineral to matrix. And in some instances, a bone fracture 
will not heal because of a failure in the bone reconstruction 
mechanism, a pathological condition known as nonunion. 

SUMMARY OF THE INVENTION 

In one aspect of the invention, an object comprising an 
isotope is subjected to a main magnetic field, as well as to 
a pulse sequence in which an RF excitation pulse is gener­
ated during a magnetic field gradient pulse. RF signals 
emitted by the excited isotope are acquired after the RF 
pulse, and then processed to generate data representative of 
the spatial distribution of the isotope within the object. 

Because the magnetic field gradient pulse is initiated prior 
to the RF excitation pulse, the acquisition of the emitted RF 
signals can begin almost immediately following the conclu-

2 
sian of the RF excitation pulse. There is no need to wait for 
the gradient pulse to ramp up and stabilize, and/or for eddy 
currents to decay, after the RF pulse. This reduces the 
"deadtime" (the time during which the, e.g., analog-to­
digital converter is unable to sample emitted RF signals) 
between the end of the RF pulse and the start of sampling. 
Reducing deadtime is an important consideration when 
imaging an isotope with a relatively short transverse relax­
ation time T 2 , such as an isotope carried in solid-state in the 

10 object being imaged. If the gradient pulse were generated 
after the RF pulse, the MR signal from such solid-state 
isotopes might largely or entirely disappear by the time the 
gradient ramped up and stabilized. Initiating the gradient 
pulse prior to the RF excitation pulse further allows the 

15 gradient rise time to be relatively long (i.e., the rate of 
change of magnetic flux (dB/dt) to be relatively low), and 
thus guards against causing nerve stimulation in the subject 
being imaged. For example, the rise time can be on the order 
of 0.1 s, even when the T2 for the isotope of interest (e.g., 

20 solid-state phosphorus-31 e1P) in bone) is on the order of 
100 fAS. 

Embodiments of this aspect of the invention include the 
following features. Two additional gradient pulses are 
generated, such that the three gradient pulses are mutually 

25 orthogonal, and define a gradient vector. All three gradient 
pulses are initiated prior to the RF excitation pulse, and the 
RF pulse is generated during the three gradient pulses (e.g., 
200 fAS after the gradient pulses rise to full amplitude). The 
acquisition of RF signals emitted by the excited isotope 

30 occurs during the generation of the three gradient pulses, and 
begins substantially immediately (e.g., less than 40 fAS, 
preferably less than 20 fAS, and more preferably less than 5 
fAS) after the conclusion of the RF excitation pulse. 

The pulse sequence comprising the three orthogonal gra-
35 dient pulses and the RF excitation pulse is executed a 

plurality of times, e.g., on the order of one thousand times. 
Each pulse sequence has an associated gradient vector. 
Although these vectors all have substantially the same 
magnitude, e.g., a value between 2 and 12 G/cm such as 9 

40 G/cm, each vector has a unique direction. 
Repeating this set of sequences permits signal averaging 

to increase the signal-to-noise ratio (SNR). If the entire set 
of about one thousand gradient vectors is repeated four times 
(i.e., if each vector is generated on four separate occasions), 

45 
then there are about four thousand total acquisitions. The 
acquisitions can occur in any order. 

To keep the total sampling time relatively short, the 
interpulse repetition time TR is less than about 1.0 s, more 

50 preferably less than about 0.5 s, and even more preferably 
less than about 0.3 s. The flip angle of the RF excitation 
pulse is less than about 30°, more preferably less than about 
20°. Although this results in sampling only a portion of the 
longitudinal magnetization M, it permits shorter interpulse 

55 repetition times TR and improves signal-to-noise ratio for a 
fixed image scan time. 

The acquired RF signals emitted by the excited isotope 
reside on radial lines in a spherical polar coordinate system 
in the k-space (the Fourier transform of the image), wherein 

60 the points in the spherical polar coordinate system can be 
represented by vectors k from the origin. In processing these 
data, each is multiplied by its associated lkl2 (the square of 
the magnitude of k), and then interpolated onto a three­
dimensional Cartesian grid before being subjected to Fourier 

65 transformation. 
Processing the acquired RF signals further includes gen­

erating data representative of the density of the isotope, e.g., 
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31P or 1H, in the object, e.g., a region or specimen of bone. 
4 

of relatively broad scope in terms of the number and variety 
of skeletal regions examined. In determining the spatial density of 31 P in a specimen of 

bone, a calibration phantom comprising a known density or 
densities of 31 P can be positioned near the bone and sub­
jected to the main magnetic field and pulse sequence, such 
that the acquired RF signals can be processed to yield an 
image of both the bone specimen and the phantom. The 31 P 
density in the bone specimen can be assessed by comparing 
the intensity of the specimen image to the intensity of the 
phantom image. 

In still other embodiments, RF excitation pulses can 
excite plural isotopes, e.g., 31P and/or 1 H, and RF signals 
emitted by both isotopes can be acquired and processed to 
generate data representative of the spatial distribution of 
either or both of the two isotopes within the object, e.g., 15 

spatial density data. The data sets can be compared and 
contrasted, e.g., to determine the density ratios of the two 
isotopes in the object. 

In preferred embodiments of this aspect of the invention, 
a phantom is subjected to magnetic gradients along with the 
bone. The phantom includes at least two different densities 
of 31 P, and the RF signals acquired during imaging are 
processed to show the spatial distribution of 31 P in the 
phantom as well as in the bone sample. The intensity of the 
data representative of the bone is compared to the intensity 

10 of the data representative of the phantom. 

In another aspect of the invention, an object comprising 
two different compounds, each including an isotope (it may 
be the same isotope in both compounds), is positioned in a 
substantially static magnetic field. The isotope in one of the 
compounds has a different spin-lattice relaxation time T 1 in 
the static magnetic field than the isotope in the other 
compound. The object is subjected to an RF excitation pulse 
sequence that excites the isotopes in both compounds, and In another aspect of the invention, an object comprising 

an isotope is subjected to a main magnetic field, as well as 
to a pulse sequence including an RF excitation pulse and a 
magnetic field gradient pulse. RF signals emitted by the 
excited isotope are acquired substantially immediately fol­
lowing the conclusion of the RF pulse, and then processed 

20 RF signals emitted by the excited isotopes are acquired. 

to generate data representative of the spatial distribution of 25 

the isotope within the object. 
As noted, acquiring emitted RF signals substantially 

immediately (e.g., less than 20 JlS, and preferably less than 
5 JlS) following the conclusion of the RF excitation pulse 

30 increases the time available for sampling the emitted RF 
excitation signals. 

From these acquired signals, a data set representative of the 
distribution of substantially only one of the compounds 
within the object is obtained. 

In preferred embodiments of this aspect, a data set rep­
resentative of the distribution of substantially only the other 
one of the compounds within the object is also obtained. The 
RF excitation pulse sequence comprises two series of RF 
excitation pulses, with different flip angles, interpulse rep­
etition times, or both. The data sets are obtained by pro­
cessing the acquired RF signals in accordance with the 

In another aspect of the invention, in vivo solid-state 
tissue is positioned in a substantially static magnetic field 
and subjected to magnetic gradients in at least two dimen­
sions. Isotopes are excited in the solid-state tissue, and RF 
signals emitted by excited isotopes are acquired and pro­
cessed to generate data representative of the distribution of 
the isotope within the solid-state tissue. 

spin-lattice relaxation times, and one or both of the flip 
angles and interpulse repetition times. By increasing the 
number of RF excitations appropriately and employing 
mathematical techniques such as the computation of linear 

35 combinations of the data sets, this technique can also be 
employed to generate separate images of the distributions of 
more than two compounds in the object. 

Being able to discriminate in this manner between differ-
Among other advantages, this aspect of the invention 

permits complex, e.g., overlapping, solid-state bone struc­
tures such as the hip or hand to be directly imaged, in three 
dimensions, without the use of ionizing radiation. The data 
can be used for qualitative and quantitative analysis of the 
solid-state structures, e.g., to assess bone mineral density 
and/or degree of mineralization. In embodiments of this 
aspect of the invention, RF signals for generating a three­
dimensional image of the distribution of the isotope within 
the solid-state tissue are acquired in less than about 35 min., 
preferably less than about 25 min. 

40 ent compounds offers a non-invasive way to study and 
analyze the interplay between the different compounds, e.g., 
over time. For instance, if an implanted prosthesis includes 
one or more compounds containing 31P, this technique 
permits the prosthesis and the bone to be imaged 

45 independently, or collectively, e.g., to study and analyze the 
remodeling of bioactive synthetic materials in vivo. 

50 

Other features and advantages of the invention will be 
apparent from the description of the preferred embodiments, 
and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional, diagrammatic view 
arrangement of MRI coils around a subject body. 

FIG. 2 is view of a radio frequency (RF) coil. 

FIGS. 3 and 4 are views of other RF coils. 

of an 

In another aspect of the invention, a bone specimen is 
positioned in a substantially static magnetic field and sub­
jected to magnetic gradients in at least two dimensions. An 
isotope (e.g., 31P) is excited in the bone, and RF signals 
emitted by the excited isotopes are acquired and processed 55 

to generate data representative of the spatial distribution of 
the isotope within the bone, which data is then itself pro­
cessed (e.g., by evaluating its intensity) to determine the 
mineral density of the bone. 

Bone mineral density (BMD) is an important quantitative 
diagnostic measurement in assessing skeletal health. BMD 
can facilitate the clinical diagnosis of disorders including 
osteoporosis and rickets, and is a principal factor affecting a 
subject's risk of bone fracture or nonunion. The ability to 
assess BMD without either destructive testing (such as 65 

biopsy) or subjecting the subject to ionizing radiation (such 

FIG. 5 is a timing diagram showing signals used in a 

60 
solid-state imaging sequence. 

as x radiation) allows for relatively frequent BMD diagnosis 

FIG. 6 is another timing diagram showing signals used in 
a solid-state imaging sequence. 

FIG. 7 is the timing diagram shown in FIG. 6, with an 
additional RF pulse to generate a spin-echo signal. 

FIG. 8 is the timing diagram shown in FIG. 6, with an 
inversion gradient vector to generate a gradient-echo signal. 
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DESCRIPTION OF PREFERRED 
EMBODIMENT(S) 

1. The System 
As shown in FIG. 1, a magnetic resonance imaging (MRI) 

system 8 includes a set of electromagnetic coils 10 surround­
ing a subject 11. Although subject 11 is shown in FIG. 1 to 
be an entire person, it could instead be a limb or region of 
a person, or a nonliving object. As explained in detail below, 
the MRI system 8 facilitates and enables the imaging and 
analysis of isotopes carried in, e.g., hard tissues such as bone 
("solid-state imaging"). 

The set of electromagnetic coils 10 includes a main coil 
12 and three orthogonal gradient coils 14, 15, 16, respec­
tively oriented in relation to orthogonal x, y, and z axes. 

6 
to "direct-dipole," or "spin-spin" coupling between and 
among the nuclear spins in the excited specimen. Each 
nuclear spin in the specimen, whether or not its signal is 
being detected by the MR instrument, is itself a microscopic 
magnet, generating a dipolar magnetic field (the shape of the 
field generated by a short linear magnet, such as a compass 
needle). Every nucleus in the specimen thus experiences not 
only the magnetic field generated by coils 10, but also the 
magnetic field of every other nucleus in the specimen. 

10 However, the intensity of these dipolar fields falls off as the 
inverse cube of the distance between the nuclei, and so the 
effect is predominantly local; only those nuclear spins within 
a distance of a few atomic diameters affect the total magnetic 

The main coil 12 is a superconducting magnet that 
generates a static magnetic field, e.g., a 2.0 Tesla (T) magnet 15 

with an 18 em bore (available from Nalorac Corp., Martinez, 
Calif.), or a 4.7 T magnet with a 30 em bore (available from 
Oxford Instruments, Oxford, U.K.). 

field experienced by a given nucleus. 
The totality (vector sum) of magnetic fields arising from 

neighboring nuclei in the specimen at a particular nuclear 
site is called the "local field," and is given the designation 
BL. BL is a statistical quantity, since its specific magnitude 
and direction vary from site to site in the specimen. Each of the gradient coils 14, 15, 16 generates a magnetic 

field gradient Gx, GY, or Gz in its respective x, y, and z 
gradient coil direction. In the 2.0 T system, the gradient coils 
generate up to, e.g., a 12 G/cm magnetic field gradient 
(gradient coils and the power supplies that drive them 
available from Oxford Instruments). In the 4.7 T system, the 
gradient coils generate up to, e.g., a 9 G/cm magnetic field 
gradient (gradient coils available from General Electric; the 
power supplies that drive them available from Techron). 

A radio frequency (RF) coil 22 positioned around or near 
the site to be imaged generates RF excitation pulses that 
excite isotopes within the site, and also detects RF signals 
emitted by the excited isotopes. The RF coil 22 in the 2.0 T 
system, shown in FIG. 2, is, e.g., a 2.7 em long by 3.3 em 
diameter single-tuned solenoidal coil. The RF coil in the 4.7 
T system is, e.g., a single- or double-tuned surface coil. 
Other RF coils 20, 21 are illustrated in FIGS. 3 and 4. 

A console 24 drives and receives signals from the mag­
netic field gradient coils 10 and the RF coil 22. The 2.0 T 
system uses, e.g., a SISCO/Varian (Palo Alto, Calif.) 
console, and the 4.7 T system uses a Bruker Instruments 
(Fremont, Calif.) Omega console. 

A calibration phantom 25 can optionally be positioned at 
or near the region of interest of the subject 11, such that it 
will appear in the final image. The calibration phantom 25 
has a known magnetic resonance behavior, and includes 
material having the same isotope being imaged in the 
subject. For instance, if the MRI system is configured to 
image 31P in the bones of the subject, the phantom 25 can 
include a 31P compound of one or more known densities p. 
For instance, the phantom 25 can be an acrylic cylinder 2.54 
em. in diameter and 2.56 em in length with four precision­
milled right circular cylindrical holes, each containing a 
mixture of hydroxyapatite powder Ca10(0H)iP04 ) 6 

(available from Aldrich, St. Louis, Mo.) diluted with silicon 
dioxide (available from Johnson Matthey, Seabrook, Me.). 
Each cylinder contains a different density of hydroxyapatite, 
e.g., 1.08, 0.86, 0.54, and 0.30 g/cm3

. 

2. The Pulse Sequence 
In the magnetic resonance of solids, the "spin-spin," or 

"transverse," relaxation time T 2 tends to be extremely short 
when compared to fluid-state magnetic resonance. T2 is the 
exponential time constant that characterizes the time in 
which the magnetic resonance signal irreversibly decays 
following excitation. Thus, T 2 reflects the time available to 
encode spatial information in the signal, as well as to detect 
the signal, as described in further detail below. 

The relatively short transverse relaxation time T 2 that 
characterizes solid -state magnetic resonance is attributable 

20 Although the average value of BL is normally zero, its mean 
square average in a solid material is nonzero (and is usually 
different for different isotopes in a specimen, e.g., 1H versus 
13C). 

Because the specific value of the local field BL in a solid 
25 specimen varies from site to site, the Larmor (resonance) 

frequencies also vary from site to site, and so the presence 
of a local field with a relatively large mean square average 
indicates that there is a large spread in Larmor frequencies, 
and thus a relatively broad linewidth, throughout the sample. 

30 This is equivalent to a short T2 . For instance, a typical 
magnetic resonance instrument employs a magnetic field 
strength B0 in the range of about 1-10 T (10,000-100,000 
Gauss, G). Local fields in solids are approximately in the 
range of 1-10 G, giving spectrallinewidths in the range of 

35 1-50kHz and T2 's in the range of 10-1000 fAS, although the 
specific values depend on the particular nuclear species 
present and their spatial arrangement in the crystal lattice of 
the solid. By contrast, molecules in a fluid specimen are in 
rapid and isotropic motion. The local fields thus average to 

40 zero, and the contribution to spin-spin coupling effectively 
disappears. 

In addition to the dipole-dipole interaction, there are other 
interactions experienced by nuclear spins in solids that 
contribute to line broadening (shortened T2), as well as to 

45 increases in spin-lattice relaxation times T1 . These interac­
tions include chemical shift anisotropy and quadrupole 
coupling. 

As a result of these influences, the T 2 for solid-state 
phosphorous-31 e1 P) in bone in a 2.0 T field is on the order 

50 of 100 fAS. In order to image this material with spin- or 
gradient-echo techniques, the minimum echo time (TE) 
would have to be on the order of or shorter than this T 2 for 
sufficient spin-echo or gradient-echo signal to be detected. 
This would involve switching relatively large gradient fields 

55 at relatively high frequencies. This would require high­
bandwidth power supplies, and could result in nerve stimu­
lation in the subject 11. 

Alternatively, the spin or gradient echo can be eliminated 
from the pulse sequence by instead acquiring a free induc-

60 tion decay (FID) signal. A pulse sequence that enables the 
FID of the excited isotopes to be sampled is shown in FIG. 
5. During a complete image scan, the FIG. 5 pulse sequence 
is repeated, e.g., 4096 times. 

The FIG. 5 pulse sequence is initiated by the console 24, 
65 which drives the gradient coils 14, 15, and 16 to generate 

three gradient pulses Gx, GY, and Gz in the respective x, y, 
and z directions, yielding a gradient vector G. The magni-
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tude of the gradient vector G remains substantially constant 
(except for the rise, settling, and fall times) throughout the 
FIG. 5 pulse sequence, at a value in the range, e.g., 2-12 
G/cm. These gradients are higher than the maximum 1-2 
G/cm typically used in clinical MRI in order to enhance 
spatial resolution in the face of the broadening effects of the 
short T2 . In view of the relatively high magnitude of the 
gradient vector G, the rise and fall times of the gradient 
pulses Gx, GY, and Gz are chosen to be fairly long, on the 
order of 0.1 s. This guards against nerve stimulation in the 10 

subject 11, which is primarily a function of the rate of 
change of magnetic flux (dB/dt), as opposed to the steady 
state magnitude or gradient of the field. Because the gradient 
pulses Gx, GY, and Gz are initiated before the RF excitation 
pulse 26, this relatively long rise time does not reduce the 15 

total available sampling time. If the gradient pulses were 
generated after the RF pulse, the MR signal from the 
solid-state isotopes would entirely or largely disappear by 
the time the gradients ramped up and stabilized. 

gitudinal magnetization M0 , TR and T 1 in the pulse 
sequence of FIG. 5 can be expressed as: 

(1- E)sinf3 
M=M0---

1- Ecosf3 

where: 

(2) 

(3) 

For any given TR and T1 , the optimum signal-to-noise 
ratio is obtained with ~opt: 

(4) 

Once a convenient pulse duration is chosen, the flip angle 
is computed using equation (4) to obtain optimum signal­
to-noise ratio. For instance, when imaging bone with a T1 of 
about 20 s in the 2.0 T system, a 10° RF excitation pulse 26 
can be used, along with a TR of 0.3 s, resulting in a time of 
23 min. for a complete image scan of 4096 FIDs. (The exact 
duration calculation yields 20.5 min., but the scanner intro-
duces small additional delays totalling 2.5 min.) Because T1 

increases in the stronger field (e.g., to about 30 s), a 10° RF 
excitation pulse 26 and a TR of 0.45 scan be used for a 4.7 

After the 0.1 s rise time for the gradient pulses Gx, GY, and 20 

Gz, the console 24 waits 200 fAS before generating the RF 
excitation pulse 26. This delay permits the gradients to 
stabilize, and any eddy currents induced, e.g., in the elec­
trically conductive structures of the coil and/or magnet, to 
decay. 25 T field, resulting in a time of 31 min. (neglecting delays 

attributable to the scanner), for a complete image scan of 
4096 FIDs. 

The RF excitation pulse 26 is a single, rectangular hard 
pulse having a frequency at or near the nominal Larmor 
frequency of the chemical specie of interest. For instance, 
the Larmor frequency of 31P is 34.27 MHz at 2.0 T, and that 
of 1H is 84.67 MHz. 

The other parameters of this pulse (i.e., the flip angle and 
the duration) are a function of the desired quantitative 
accuracy, signal-to-noise ratio, and total image acquisition 
time. 

The isotopes carried in, e.g., hard tissues such as bone 
characteristically have relatively long spin-lattice relaxation 
times T1 . For instance, the T1 for solid-state phosphorous-31 e1 P) in ex vivo bone in a 2.0 T field is on the order of 5-20 
s, and in in vivo bone in a 1.5 T field is on the order of 5-7 
s. After a 90° RF excitation pulse, resulting in complete 
saturation, a 95 percent recovery of the longitudinal mag­
netization takes three T 1 intervals, and a 99 percent recovery 
takes five T 1 intervals. If the interpulse repetition time TR is 
selected to equal five T 1 intervals in order to achieve 99 
percent accuracy, then a total image scan of 4096 FIDs 
would take almost 5 days. 

Total image scan time can be reduced by using flip angles 
~of less than 90°. Although this results in sampling only a 
portion of the longitudinal magnetization M, it permits 
shorter interpulse repetition times TR and improves signal­
to-noise ratio for a fixed image scan time. 

TR is selected such that a complete image can be scanned 
(e.g., 4096 FIDs) in a length of time acceptable to the subject 
11. For example, TR can be set to 0.3 s, giving a total 
imaging time of on the order of 20 min. T1 , along with the 
equilibrium value of the longitudinal magnetization M0 and 
the pre-exponential constant a (equal to 2 under ideal 
conditions), can be determined using an inversion recovery 
pulse sequence (comprising a 180° RF pulse, followed by a 
delay of duration 1:, followed by the FID sequence shown in 
FIG. 5) and a three-parameter nonlinear least squares fit to 
the model: 

(1) 

The steady-state relationship between flip angle ~, longi­
tudinal magnetization M, the equilibrium value of the lon-

As shown in FIG. 5, in view of the relatively short T2 , (80 
fAS for 31P in bone) sampling of the FID 28 begins substan-

30 tially immediately after the end of the RF excitation pulse 
26, e.g., after on the order of 40 fAS or less, and preferably 
after on the order of only 5 fAS or less. Sampling the FID 
substantially immediately after the end of the RF excitation 
pulse 26 reduces the time during which the relatively short 

35 solid state T 2 would cause signal dephasing and loss, 
improving SNR. Sampling the FID immediately after the 
pulse also minimizes variation of signal intensities in the 
resulting image due to variation in T 2 in different regions of 
the specimen. This helps preserve the quantitative accuracy 

40 of the image, by reducing T2 weighting. Samples are col­
lected at constant time intervals, with a total of 256 samples 
being collected during each FID. 

As noted, scanning a complete image involves sampling, 
e.g., 4096 FIDs. The magnitude of the gradient vector G is 

45 the same in each FIG. 5 pulse sequence, e.g., a value in the 
range of 2-12 G/cm. Each set of 256 samples for each 
gradient vector G can be described in the Fourier domain (or 
"k-space") as a series of samples emanating from the origin. 
Specifically, the wave vector k=yGt follows a radial traversal 

50 of the Fourier space under the influence of the gradient 
vector G at time t during acquisition of a signal. 

During a single typical imaging sequence, gradient vec­
tors G are generated in 998 unique directions, and each 
gradient vector G is sampled four times to improve the 

55 signal-to-noise ratio. That is, over the course of collecting 
data for a single image, each combination of gradient pulses 
Gx, GY, and Gz is generated on four separate occasions. The 
data collected during these four "repeat" scans are averaged 
and stored in a data matrix. It is not necessary to turn off the 

60 gradient pulses Gx, GY, and Gz between successive pulse 
sequences to bring the magnitude of the gradient vector G to 
zero. 

The 998 unique gradient vector directions fit conveniently 
into a pattern of 14 latitude rings about the unit sphere; the 

65 gradient pulses Gx, GY, and Gz are selected such that the 998 
directions are distributed isotopically throughout the spheri­
calk-space. Thus, only 4x998 (or 3992) of the 4096 FIDs are 
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used to reconstruct the image. The data from the remaining 
104 FIDs can be discarded, or can be used to measure the 
Larmor frequency, the receiver noise level, the receiver 
baseline offset, and/or similar properties. The full4096 FIDs 
are nonetheless collected, because it is generally more 
convenient for computer hardware and software purposes to 
work with blocks of data in multiples of powers of 2. A 
lower number of gradient vector directions results in a lower 
image acquisition time, but lower spatial resolution, and a 
higher number of gradient vector directions results in a 10 

higher spatial resolution, but greater image acquisition time. 
3. Data Processing 

Following acquisition, a three-dimensional image can be 
reconstructed from the spherical stored data D(k) using 
projection reconstruction techniques. Details of image 15 

reconstruction techniques are disclosed in the following 
references, incorporated herein by reference: C. W. Stearns, 
D. A. Chesler, and G. L. Brownell, "Three Dimensional 
Image Reconstruction In The Fourier Domain," IEEE Trans. 
Nucl. Sci., NS-34(1):374--378 (1987); C. W. Stearns, D. A 20 

Chesler, and G. L. Brownell, "Accelerated Image Recon­
struction For A Cylindrical Positron Tomograph Using Fou­
rier Domain Methods," IEEE Trans. Nucl. Sci., NS-37(2) 
:773-777 (1990); D. A Chesler et al., "Rapid 3-D 
Reconstruction From 1-D Projections For Metabolic MR 25 

Imaging of Short T 2 Species," Society Of Magnetic 
Resonance, Berlin (1992). 

Step A The stored data are first multiplied by :k:2 (the 
square of its 1-256 sample number) to compensate for the 
nonuniform density of the data in the k-space. That is, since 30 

the 256 data points on each projection were sampled at 
constant time intervals, the locus of data points can be 
described as a series of concentric spheres, each pair of 
adjacent spheres being radially spaced apart by the same 
distance x, a constant determined by the sampling interval. 35 

Thus, the 998 data points on the outermost sphere with a 
radius of 256x have a much lower density than the 998 data 
points on the innermost sphere with a radius of only 1x. 

Step B. The weighted data are then "interpolated," or 
"blurred," onto a regular 643 Cartesian cubic reconstruction 40 

lattice. Specifically, each sampled data point is blurred from 
its true position ink-space to the eight surrounding points of 
the 643 cubic reconstruction lattice. This is accomplished by 
adding a numerical value to each cubic reconstruction lattice 
point that reflects the numerical value of the true data 45 

sample, as well as the proximity of the true k-space position 
of the true data sample to the reconstruction lattice point. 
The reconstructed 643 lattice corresponds to a field of view 
(FOV) of 4 cm3

, and a voxel size of0.625 mm3
, although the 

spectral line width of the bone signal and the point spread 50 

function of the reconstruction procedure limit the actual 
linear spatial resolution to about 2 mm3

. 

Step C. A "correction lattice" is then formed from a 
correction set of spherical data D' (k), where the value of 
every data point D' (k) in the correction set is one. The 55 

correction lattice is formed by subjecting the spherical data 

10 
4. Data Analysis 

The reconstructed image has a variety of diagnostic 
applications. It may be viewed to assess the distribution of 
the isotopes of interest in the subject 11. For instance, the 
principal component of bone mineral, a complex calcium 
phosphate, can be characterized as a poorly crystalline 
non-stoichiometric apatite similar to hydroxyapatite, Ca10 

(OH)iP04) 6 . 

The chemical composition of bone mineral differs from 
hydroxyapatite in having less calcium, and by having ions 
not found in hydroxyapatite. More specifically, bone mineral 
is an apatitic calcium phosphate containing carbonate and 
small amounts of sodium, magnesium, fluoride, and other 
organic and inorganic trace components. This carbonated 
apatite, termed "dahllite," contains 4 to 6 percent carbonate 
by weight, and is also the mineral constituent of teeth and 
some invertebrate skeletons. Most of the phosphate ions in 
bone mineral are in the form P04 -

3
, but some may be 

protonated and have the formula HP04 -
2

. These protonated 
phosphate ions are referred to as hydrogen phosphate, acid 
phosphate, or biphosphate, and may be present in amounts 
up to about 15 percent of all phosphate ions. The term 
"orthophosphate" refers to the entire class of protonated and 
unprotonated phosphate ions derived from phosphoric acid, 
H3 P04 . 

Thus, the amount of 31P in a region of bone is represen­
tative of the overall bone mineral density. The intensity of a 
reconstructed image of 31 P is therefore representative of the 
mineral density of the bone itself-there is no need to rely 
on assumptions about, or models of, tissue composition. The 
31P image is generated without ionizing radiation (such as 
X-rays), and can be used for qualitative and quantitative 
analysis of the often-complicated three-dimensional struc­
ture of a section of bone, especially trabecular bone, and/or 
of a number of overlapping bones or bone structures, such 
as in the hip or hand. Information on the chemical compo-
sition and the degree of mineralization of the matrix (i.e., the 
ratio of bone mineral to matrix) can also be obtained from 
the image if 1 H data are also obtained. Although 31 P is 
typically present also in the soft tissues surrounding the bone 
(e.g., in phospholipids and in solution metabolites such as 
PCr, ATP, P;, etc.) the phosphorous concentration in bone is 
usually several orders of magnitude higher, and so the MR 
signal from the soft tissues does not interfere with the signal 
from the bone. 

As noted, the assessment of the reconstructed image may 
be quantitative, as well as qualitative. Qualitatively, the 
image reveals the spatial distribution of the relative mineral 
density of the bone region in question, with brighter regions 
of the image corresponding to higher mineral densities than 
dimmer regions. This qualitative image can be normalized 
with respect to either a predetermined pixel intensity, or with 
respect to the intensity of a certain pixel or region of pixels. 
For instance, the mean pixel intensity over the entire image 
can be computed, and then the image intensity can be 
normalized on a pixel-by-pixel basis with respect to this 
mean pixel intensity. D' (k) to the density-compensating (Step A) and blurring 

(Step B) steps described above for the true FID data D (k). 
Each point of the cubic reconstruction lattice is then divided 
by the corresponding point of the correction lattice. 

Step D. The corrected cubic reconstruction lattice is then 
subjected to three-dimensional Fourier transformation. 

One quantitative measurement of significance is bone 
mineral density (BMD). BMD is an important consideration 

60 in the clinical diagnosis of skeletal disorders, including 
osteoporosis and rickets, and is a principal factor affecting a 
subject's risk of bone fracture. 

Step E. To compensate for intensity distortions introduced 
by the blurring step, each point in the Fourier-transformed 
corrected cubic reconstruction lattice is divided by the 65 

corresponding value of a three dimensional sine-squared 
function that varies as [(sin x·sin y·sin z)/(xyz)]2

. 

The equilibrium value of the longitudinal magnetization 
M0 , discussed above, is proportional to the mass of the 
isotopes of interest in the object being imaged; magnetiza­
tion per unit volume is thus proportional to density. The 
longitudinal magnetization M is also proportional to the 
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measured signal intensity, i.e., the intensity of the recon­
structed image. In order to correct the observed longitudinal 
magnetization M to the true equilibrium value M0 , equation 
(2) above is inverted to provide: 

M0~FM (5) 

where 

1- Ecosf3 (6) 
F=---

(1- E)sinf3 

The image intensity data can be converted to true density 
information using the image of the calibration phantom 25, 

10 

12 
phantom, image pixels with a signal magnitude less than 
three times the background noise standard deviation can be 
discarded, and only the remaining pixel intensities used in 
the density calculation. The signal intensity I of these pixels 
can then be used to construct a linear calibration curve, I 
versus the known densities p of the hydroxyapatite/silicon 
dioxide mixtures, with a least squares fit: 

(7) 

where the constant term a corrects for the nonzero average 
of the noise in the magnitude images. 

In addition to RF field strength variation, the calibration 
can also take account of differing magnetic resonance prop­
erties of the calibration phantom 25 on the one hand, and the 

as well as the known density(ies) of the calibration com­
pound. Since the true density(ies) of the calibration 
compound(s) is/are uniform, the intensity(ies) of the phan­
tom in the reconstructed image should also be uniform. The 
mean pixel intensity of a desired region of the image of the 
specimen is first found. The mean pixel intensity of a region 

15 specimen on the other, where these different properties affect 
image intensity. For instance, if in a 31P solid-state three­
dimensional projection image the unknown specimen con­
tains bone and the calibration specimen contains a synthetic 
calcium phosphate, such as hydroxyapatite, the spin lattice 

20 relaxation times T 1 of the two materials will differ, and the 
signal intensity produced by an equal density of phosphorus 
atoms in each material can also differ. A correction factor, 
either measured experimentally or computed knowing the 
values of T 1 for the respective materials, as well as the 

of the calibration compound is then found. Dividing the 
mean pixel intensity of the specimen by the mean pixel 
intensity of the calibration compound yields the relative 
density of the specimen region (relative to the calibration 
compound density). Since the true density of the calibration 
compound is known, the true density of the region of the 
specimen can be determined by multiplying the relative 
density by the true density of the calibration compound. 
Where the calibration phantom includes compounds at more 
than one density, as is the case with phantom 25, a calibra- 30 

tion curve mapping intensity versus true density can be 
generated using a least-squares fit of the phantom density 
and intensity values. This is explained in further detail below 

25 details of the pulse sequence timing, can be applied to 
further correct the result of the calibration calculation. For 

in connection with equation (7). 
In some instances, however, RF field variations and other 35 

spatial inhomogeneities can cause nonuniform intensity 
throughout the FOV, and thus regions having the same 
isotope density can have different intensities in the resultant 
MR image. To account for this, the calibration process can 
be limited to the portion of the phantom that was subjected 40 

to substantially the same RF field strength as the region of 
interest in the bone. 

Regions of comparable RF field strength in the FOV can 

instance, the density of the specimen in the region of interest 
can be calculated by multiplying the observed intensity of 
the reconstructed image of the region of interest by F (from 
equation (6)) to correct for T1 contrast, and also by K (from 
equation (7)) to account for the intensity-to-density mapping 
of the calibration phantom. 

Additionally or alternatively, the spatial variation in inten­
sity resulting from RF field variations can be corrected, e.g., 
in software, by first mapping the field variation using the 
phosphoric acid (H3 P04 ) phantom image generated in the 
initial calibration This map can then be used, along with T 1 

contrast correction if necessary, to correct the intensity of 
subsequent images. These subsequent images can be of the 
specimen only, or can include a phantom such as phantom 
25 in addition to the specimen. 

Additionally or alternatively, calibration can be effected 
by measuring a series of images with appropriate variations 
in the pulse sequence timing parameters in order to compute 
the relaxation times from the series of images, from which 
the appropriate corrections can be determined and applied. 

Comparison testing shows a high degree of correlation 
between calculating BMD from solid-state 31P imaging and 
three other techniques for calculating BMD. In one test, 2 
em long specimens were cut from the midshaft cortices of -4 
month old calf femora, as well as from -6 month old lamb 
tibiae. A bovine trabecular specimen was also cut from the 
femoral head, and excluded cortex to maximize the accuracy 
of the gravimetric and chemical analyses, discussed in detail 

be identified in an initial calibration in which a different 
phantom, large enough to fill or nearly fill the FOV, is 45 

positioned alone in the MRI system 8. This phantom is, e.g., 
completely filled with 85% phosphoric acid, H3P04 . The 
liquid acid gives absolute filling uniformity and a very high 
signal-to-noise ratio (SNR). The resultant 31P image, gen­
erated under substantially the same conditions as used to 50 

generate images of the specimen, is examined to locate at 
least two regions of comparable intensity. Because of the 
uniformity of the phantom, the regions of the FOV that 
correspond to these regions of the image were evidently 
subjected to substantially the same RF field strength. 

The foreknowledge of the locations of these regions of 
substantially the same RF field strength is then used to 
determine the density of the specimen image using the 
image of the phantom 25. For instance, if the RF field 
strength at the region corresponding to slices 45-48 of the 60 

specimen image is within 2% of the RF field strength at the 
region corresponding to slices 25-28 of the phantom image, 
then the intensity information from slices 25-28 of the 
phantom image are used in the calibration. 

55 below. External soft tissues were completely dissected from 
the specimens, which were then dried at room temperature. 
All specimens retained their full complement of protein and 
fat, but had low water content. 

The calibration process need not use all of the intensity 65 

information for each slice of the phantom or the specimen 
image. For instance, within each utilized slice of the 

The specimens were first analyzed using the above 
described MRI technique. The cortical specimens were 
imaged at 2.0 T, and the trabecular specimen at 4.7 T. The 
bovine cortical and lamb cortical specimens, as well as the 
hydroxyapatite phantom, were subjected to 10° RF pulses, 
and a TR of 0.3 s. The bovine trabecular specimen was 
subjected to a 21 o RF pulse, and a TR of 2.0 s. The fitted 
(using equation (1)) T1s for the bovine cortical and lamb 
cortical specimens were 17.1±0.4 (standard deviation) and 
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19.8±0.5, respectively, and 16.3±1.3 for the bovine trabe­
cular and 0.26 for the hydroxyapatite. (Only three columns 
of the phantom were filled with hydroxyapatite for the 
cortical bone images, whereas all four were filled for the 
trabecular images.) Technique 

14 

TABLE 1 

Bovine 
Cortical 
(gicm3

) 

Lamb Bovine 
Cortical Trabecular 
(g/cm3

) (gicm3
) 

10 

MRI 30 BMO (T 1 1.09 1.00 0.155 
Corrected) 
OXA 30 BMO (OXA 1.08 1.07 0.208 
BMC/volume) 
Gravimetry BMO 1.10 1.06 0.140 
(mass/volume) 
Chemical Analysis BMO 1.13 1.10 0.122 

The solid-state MRI technique disclosed herein can also 
be used to discriminate between and analyze different com­
pounds of the same isotopes. For instance, there are molecu­
lar structural differences between bone and synthetic 
hydroxyapatite. As noted above, these differences translate 
into very different T1s for the two compounds: on the order 

The specimens were then subjected to dual energy x-ray 
absorptiometry (DEXA or DXA), in which a pair of digital 
projection x-ray scans at two x-ray energies are subtracted to 
yield an image of the mass density, from which bone mineral 
content (BMC) can be determined. A QDR-1000 DXA 
Densitometer (available from Hologic, Waltham, Ma.) was 
calibrated with a Hologic hydroxyapatite anthropomorphic 
spine phantom. The bone specimens were placed on a 
precision milled block of acrylic plastic 3.81 em thick to 15 

simulate the background scattering conditions of the DXA 
phantom, and scanned at a scan step of 0.1 em. Total scan 
times were 6-7 min., and the scan speed was 0.73 cm/s. All 
DXA analyses were performed using the manufacturer's 
software. 20 of 20 s for ex vivo bone, on the order of 7 s for in vivo bone, 

and on the order of 0.5 s for synthetic hydroxyapatite. The specimens were next subjected to gravimetric analy­
sis. The specimens were weighed, coated in clear acrylic nail 
polish to prevent water absorption, and their volumes mea­
sured by water displacement. 

Following volume measurement, the specimens were 
ashed in a HTF55322A 3 inch horizontal tube furnace 
controlled by a CC58114PC programmable digital controller 
(available from Blue M, Asheville, N.C.). The specimens 
were heated to 300° C. for 2 hours, and then to 600° C. for 
16 hours. Little or no carbonate is lost at 300° C., and only 
small amounts of carbonate are lost at 600° C. 

The dry ash of each sample was weighed, dissolved in 6 
N HCl, and transferred to a volumetric flask. The crucible 
was washed with distilled water, which was then pooled into 
the volumetric flask up to the mark. The sample was divided 
into two aliquots. One was diluted in 0.5 percent (vol/vol) 
HCL containing 0.1% lanthanum oxide (wt/vol) and assayed 
for calcium by comparison to standard calcium solutions 
using a 603 atomic absorption spectrophotometer (available 
from Perkin-Elmer, Norwalk, Conn.). To analyze for 
phosphorous, the second aliquot was dried by evaporation 
using a speed vacuum concentrator. 2.0 ml of distilled water 
and 0.5 ml of 10 N sulfuric acid were added to the dry 
residue, and the solution heated in a 150-160° C. oven for 
3 hours. Two drops of 30% hydrogen peroxide were added, 
and the solution was returned to the oven for at least 1.5 
hours more to complete the combustion and to decompose 

T 1 "weighting" can be introduced by altering the pulse 
repetition time TR, the RF pulse flip angle, or both. Thus, a 
first image of a region containing both bone and hydroxya-

25 patite can be obtained at, e.g., a TR of 0.3 s, and a flip angle 
of 20°. This image would show both the bone and the 
hydroxyapatite. A second image can then be obtained, e.g., 
a TR of 0.3 s, and a flip angle of 90°. At the larger flip angle, 
the signal from the bone is nearly saturated because of its 

30 higher T 1 . However, the signal from the hydroxyapatite is 
not, so the resultant second image is substantially just of the 
synthetic material. The raw images can, e.g., be digitally 
subtracted on a pixel-by-pixel basis to show just the bone 
material. By increasing the number of images taken, this 

35 technique can also be used to discriminate between three or 
more different compounds in the same region that all contain 
the same isotopes (e.g., 31 P) , but exhibit different T 1 s. 

One application for this T 1 weighting technique is to 
discriminate between bone and implanted prostheses, e.g., 

40 that include one or more compounds of 31 P. This offers a 
non-invasive way to study and analyze the remodeling of 
bioactive synthetic materials in vivo. Other applications may 
include differentiating between and among bone mineral at 
various stages of maturity, bone at different stages in the 

45 remodelling cycle (in which bone material is cyclically 
resorbed (dissolved) and deposited), and bone under various 
conditions of pathology. For instance, the concentration of 
one of the minor constituent ions of bone mineral, HPO 4 -

2
, 

evidently decreases over time as the mineral matures, thus 
50 serving as a marker of mineral maturity. Evaluation of this 

marker could yield diagnostically useful information for 
processes or disorders involving bone mineral turnover, 
including osteoporosis, Paget's disease, and the healing or 
failure to heal of bone defects such as fractures and tumor 

all of the peroxide. 4.6 ml of 0.22% ammonium molybdate 
and 0.2 ml of Fiske-SubbaRow reagent were added, mixed 
thoroughly, and heated for 7 min. in a boiling water bath, 
with marbles covering the tube. The optical density at 830 
nm was recorded in a Perkin-Elmer Lambda 3 spectropho­
tometer. Phosphorous content was determined by compari- 55 

son to standard phosphorous solutions. The mineral content 

resections. 
The solid-state MRI technique disclosed herein can also 

be used to study non-phosphorous bone chemistry, or the 
chemistry of other solids, in or from living or nonliving 
specimens. Any particle or substance with a magnetic 

of each specimen was calculated from the calcium and 
phosphorous analyses on the basis of Ca+P04 . 

The results of these techniques are summarized in Table 60 moment and yielding a magnetic resonance signal is a 
candidate for detection using the foregoing techniques 
(including but not limited to 1 H 3He 11B 13C 14N 23Na 
27 Al, 29Si, 129Xe, electrons, mu;ns, f~rrom'agne~ic add anti~ 

1 below. For comparison purposes, the BMC values from the 
DXA test were divided by the volume of the specimens as 
determined in the gravimetric analysis. In in vivo testing, the 
volume of the region of interest typically cannot be mea­
sured directly. The DXAsystem instead divides the BMC by 65 

the projection area of the DXA image to compute areal 
concentration (density in, e.g., g/cm2

). 

ferromagnetic materials). 
For instance, a 1 H image can be obtained as described 

above, or can be obtained simultaneously with a 31P image 
using, e.g., a double-tuned RF coil, tuned to both the Larmor 
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frequency of 1 H (84.67 MHz at 2.0 T), and that of 31 P (34.27 
MHz at 2.0 T). FIG. 6 shows a pulse sequence in which 
separate RF pulses 30,32 respectively excite the 31P and 1H 
isotopes. The 31 P and 1 H FID signals 34, 36 from the coil can 
be processed separately, each set as described above, and the 
resultant images interleaved or otherwise processed. 
Although the RF excitation pulse for 31 Pis shown generated 
before the RF excitation pulse for 1 H in FIG. 6, the order can 
be switched, or they can be generated simultaneously. 

For instance, the images can be used to facilitate the in 10 

vivo determination of the mineral-to-matrix ratio, an impor­
tant diagnostic indicator of skeletal health and integrity. 
Specifically, as noted above, the 31P image shows predomi­
nantly the BMD mineral concentration (the concentration of 
phosphorous in surrounding tissues being relatively low). 15 

The 1H image reconstructed from the 1 H FID 36 shows all 
protons, those carried in the matrix as well as those carried 
in the marrow and the mineral, and can be termed "the total 
1 H image." To identify only the protons in the matrix and 
mineral, a fluid-state-only 1 H image is generated using, e.g., 20 

spin-echo or gradient-echo techniques. A pulse sequence for 
generating a fluid-state-only 1H image in conjunction with 
the two solid-state 31P and 1 H images is shown in FIG. 7. A 
second RF excitation pulse for 1 H 38 yields a fluid-state 1H 
spin echo signal 40, from which a fluid-state image of 1H 25 

spatial distribution can be generated. Alternatively, as shown 
in FIG. 8, an inversion gradient vector pulse 42 is generated 
to yield a gradient echo signal 44 which can be acquired for 
the fluid-state 1 H. 

Using either technique, this resultant fluid-state 1H image 30 

is subtracted from the total 1H image, leaving an image of 
just the solid-state protons. Since the proton concentration in 
bone mineral is considerably smaller than the proton con­
centration in the matrix, this resultant image in effect reflects 
only the matrix concentration. The matrix concentration can 35 

be quantified using techniques similar to those described 
above for quantifying the mineral concentration from the 31 P 
image. The mineral-to-matrix ratio can then be calculated by 
dividing the mineral concentration by the matrix concentra­
tion. An image of the degree of mineralization can likewise 40 

be obtained by computing the pixel-by-pixel ratio of the 
images. This is a specific example of the general feature of 
the foregoing technique that data from one image can be 
processed and/or combined with data from another image to 
produce a new image or other data set. 45 

Materials other than bone that can be imaged using the 
foregoing techniques include, without limitation, cartilage, 
tendon, wood and its derivatives, other agricultural 
materials, fibers, foodstuffs, coal, minerals, fossils, rock and 
other geophysical or petrochemical substances and residues, 50 

chemicals, polymers, rubbers, ceramics, glasses, gemstones, 
gases, fluids, gels, liquid crystalline materials, nuclear 
materials, and composite materials, all singly or in combi­
nation. In addition, the foregoing techniques are not limited 
to imaging solid-state materials, and can also be employed 55 

to image fluids, particularly fluids that exhibit broad spectral 
linewidth, and/or fluids in which diffusion effects severely 
attenuate spin or gradient echo signals. 

As in the foregoing bone imaging examples, multiple 
images of the same specimens, using the same or different 60 

nuclear spin species, with or without variations of pulse 
sequence parameters, may be obtained, with or without 
calibration procedures, and mathematically combined or 
processed using the appropriate computations to produce 
images in which the pixel intensity values represent or 65 

reflect a property of interest. 
Other embodiments are within the following claims. 

16 
What is claimed is: 
1. A method for acquiring data by magnetic resonance, the 

method comprising: 
subjecting an object comprising a first isotope to a main 

magnetic field; 
subjecting the object to a pulse sequence comprising: 

a first magnetic field gradient pulse having a start and 
an end; 

a RF excitation pulse for exciting the first isotope, the 
RF excitation pulse being generated between the 
start and the end of the first magnetic field gradient 
pulse; 

acquiring RF signals emitted by the excited first isotope 
after the RF excitation pulse and before the end of the 
first magnetic field gradient pulse; 

processing the RF signals to generate data representative 
of a spatial distribution of the first isotope within the 
object. 

2. The method of claim 1, wherein the step of acquiring 
RF signals emitted by the excited first isotope begins sub­
stantially immediately following the conclusion of the RF 
excitation pulse. 

3. The method of claim 2, wherein the step of acquiring 
RF signals emitted by the excited first isotope begins less 
than 40 fAS after the conclusion of the RF excitation pulse. 

4. The method of claim 3, wherein the step of acquiring 
RF signals emitted by the excited first isotope begins less 
than 5 fAS after the conclusion of the RF excitation pulse. 

5. The method of claim 1, wherein the pulse sequence 
further comprises a second magnetic field gradient pulse, 
and wherein the RF excitation pulse is generated during the 
second magnetic field gradient pulse. 

6. The method of claim 5, wherein the pulse sequence 
further comprises a third magnetic field gradient pulse, 
wherein the RF excitation pulse is generated during the third 
magnetic field gradient pulse, and wherein the first, second, 
and third magnetic field gradient pulses define a gradient 
vector. 

7. The method of claim 6, wherein the pulse sequence is 
repeated a plurality of times, each pulse sequence having an 
associated gradient vector. 

8. The method of claim 7, wherein the magnitude of the 
gradient vector is substantially the same in each of the 
plurality of times. 

9. The method of claim 8, wherein the magnitude of the 
gradient vector is substantially between about 2 G/cm and 
about 12 G/cm. 

10. The method of claim 9, wherein the magnitude of the 
gradient vector is substantially between about 2 G/cm and 
about 4 G/cm. 

11. The method of claim 10, wherein the magnitude of the 
gradient vector is approximately 2 G/cm. 

12. The method of claim 7, wherein the gradient vector 
has a different direction in at least two of the plurality of 
times. 

13. The method of claim 12, wherein the gradient vector 
has a different direction in about of one thousand of the 
plurality of times. 

14. The method of claim 7, wherein the gradient vector 
has a same direction in at least two of the plurality of times. 

15. The method of claim 14, wherein the gradient vector 
has the same direction in about of four of the plurality of 
times. 

16. The method of claim 7, wherein an interpulse repeti­
tion time TR is less than about 1.0 s. 

17. The method of claim 16, wherein an interpulse rep­
etition time TR is less than about 0.5 s. 
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18. The method of claim 17, wherein an interpulse rep­
etition time TR is less than about 0.3 s. 

19. The method of claim 1, wherein a rise time of the first 
magnetic field gradient pulse is about of 0.1 s. 

20. The method of claim 1, wherein the RF excitation 
pulse is initiated about 200 fAS after a rise time of the first 
magnetic field gradient pulse. 

21. The method of claim 1, wherein the flip angle of the 
RF excitation pulse is less than about 30°. 

22. The method of claim 21, wherein the flip angle of the 
RF excitation pulse is less than about 20°. 

23. The method of claim 1, wherein the step of processing 
the RF signals includes Fourier transformation. 

18 
42. The method of claim 41, wherein the step of deter­

mining the density ratio of 31P to 1H in the object comprises 
processing the data representative of the density of fluid­
state and solid-state 1 H in the object and the data represen­
tative of the density of substantially only fluid-state 1 H in the 
object to generate data representative of the density of 
substantially only solid-state 1 H in the object. 

43. The method of claim 42, wherein the step of deter­
mining the density ratio of 31P to 1H in the object comprises 
dividing the data representative of the density of 31 P in the 

10 
object by the data representative of the density of substan­
tially only solid-state 1H in the object. 

24. The method of claim 1, wherein data representative of 
the RF signals reside on radial lines in a spherical polar 
coordinate system in the k-space, wherein the points in the 15 

spherical polar coordinate system can be represented by 
vectors k from the origin. 

44. Apparatus for acquiring data by magnetic resonance, 
the apparatus comprising: 

means for subjecting an object comprising a first isotope 
to a main magnetic field; 

means for subjecting the object to a pulse sequence 
comprising: 

25. The method of claim 1, wherein the first isotope is 31P. 
26. The method of claim 25, wherein the step of process­

ing the RF signals includes generating data representative of 20 

the density of 31 P in the object. 

a first magnetic field gradient pulse having a start and 
an end; 

a RF excitation pulse for exciting the first isotope, the 
RF excitation pulse being generated between the 
start and the end of the first magnetic field gradient 
pulse; 

27. The method of claim 25, wherein the object is bone. 
28. The method of claim 27, further comprising the step 

of subjecting a calibration phantom comprising 31P to the 
main magnetic field and the pulse sequence. 

29. The method of claim 28, wherein the step of process­
ing the RF signals includes the step of generating an image 
representing the spatial density of 31 P in the object and 
calibration phantom. 

25 
means for acquiring RF signals emitted by the excited first 

isotope after the RF excitation pulse and before the end 
of the first magnetic field gradient pulse; 

30. The method of claim 28, wherein the step of gener- 30 

ating data representative of the density of 31 P in the object 
includes calculating the image intensity of the object relative 

means for processing the RF signals to generate data 
representative of a spatial distribution of the first iso­
tope within the object. 

45. A method for acquiring data by magnetic resonance, 
the method comprising: 

subjecting an object comprising a first isotope to a main 
magnetic field; 

to the image intensity of the calibration phantom. 
31. The method of claim 1, wherein the first isotope is 1 H. 
32. The method of claim 31, wherein the step of process- 35 

ing the RF signals includes generating data representative of 
the density of 1 H in the object. 

subjecting the object to a pulse sequence comprising: 
a first magnetic field gradient pulse; 
a RF excitation pulse for exciting the first isotope; 

acquiring RF signals emitted by the excited first isotope 
after the RF excitation pulse, the acquisition of RF 
signals beginning substantially immediately following 
the conclusion of the RF excitation pulse; 

33. The method of claim 1, wherein the object further 
comprises a second isotope, and wherein a second RF 
excitation pulse excites the second isotope, and wherein RF 40 

signals emitted by the excited second isotope are acquired 
after the second RF excitation pulse. processing the RF signals to generate data representative 

of a spatial distribution of the first isotope within the 
object. 

34. The method of claim 33, wherein the step of process­
ing the RF signals includes generating data representative of 
the spatial distribution of the second isotope within the 45 

object. 
46. The method of claim 45, wherein the step of acquiring 

RF signals emitted by the excited first isotope begins less 
than 20 f.1S after the conclusion of the RF excitation pulse. 

47. The method of claim 46, wherein the step of acquiring 
RF signals emitted by the excited first isotope begins less 

50 than 5 fAS after the conclusion of the RF excitation pulse. 
48. The method of claim 45, wherein the RF signals 

emitted by the excited first isotope are acquired during the 
first magnetic field gradient pulse. 

35. The method of claim 34, wherein the object is bone. 
36. The method of claim 35, wherein the first isotope is 

31P, and wherein the second isotope is 1H. 
37. The method of claim 36, wherein the step of process­

ing the RF signals includes generating data representative of 
the density of 31 P in the object. 

38. The method of claim 37, wherein the step of process­
ing the RF signals includes generating data representative of 
the density of 1 H in the object. 

39. The method of claim 38, further comprising the step 
of acquiring RF signals emitted by the excited 1 H isotope 
after the end of the first magnetic field gradient pulse, and 
wherein the step of processing the RF signals includes 
generating data representative of the density of fluid-state 
and solid-state 1 H in the object. 

40. The method of claim 39, wherein the step of process­
ing the RF signals includes generating data representative of 
the density of substantially only fluid-state 1H in the object. 

41. The method of claim 40, wherein the step of process­
ing the RF signals includes determining a density ratio of 31 P 
to 1 H in the object. 

49. The method of claim 45, wherein the pulse sequence 
55 further comprises a second magnetic field gradient pulse, 

and wherein the RF excitation pulse is generated during the 
second magnetic field gradient pulse. 

50. The method of claim 49, wherein the pulse sequence 
further comprises a third magnetic field gradient pulse, and 

60 wherein the RF excitation pulse is generated during the third 
magnetic field gradient pulse. 

51. The method of claim 45, wherein the pulse sequence 
is repeated a plurality of times. 

52. A method for generating a magnetic resonance image 
65 of in vivo solid-state tissue, the method comprising: 

positioning the tissue in a substantially static magnetic 
field; 
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subjecting the tissue to magnetic gradient pulses in at least 
two dimensions; 

exciting first isotopes in the solid-state tissue while the 
tissue is subjected to the magnetic gradient pulses; 

acquiring RF signals emitted by excited first isotopes after 
the first isotopes have been excited, and while the tissue 
is subjected to the magnetic gradient pulses; 

processing the RF signals to generate data representative 
of a distribution of the first isotope within the solid-

10 
state tissue. 

53. The method of claim 52, wherein the tissue is sub­
jected to magnetic gradients in three dimensions. 

54. The method of claim 53, wherein RF signals for 
generating a three-dimensional image of the distribution of 

15 
the first isotope within the solid-state tissue are acquired in 
less than about 35 min. 

55. The method of claim 54, wherein RF signals for 
generating a three-dimensional image of the distribution of 
the first isotope within the solid-state tissue are acquired in 

20 
less than about 25 min. 

20 
64. The method of claim 63, wherein the phantom further 

includes the first isotope in a second density different from 
the first density. 

65. A method for generating a magnetic resonance image 
of an object comprising a first compound and a second 
compound, the method comprising: 

positioning the object in a substantially static magnetic 
field, a first isotope in the first compound having a first 
spin-lattice relaxation time T1 in the static magnetic 
field, and a second isotope in the second compound 
having a second spin-lattice relaxation time T 1 greater 
than the first spin-lattice relaxation time T1 in the static 
magnetic field; 

subjecting the object to an RF excitation pulse sequence 
for exciting the first isotope in the first compound and 
the second isotope in the second compound; 

acquiring a set of RF signals emitted by the excited first 
isotope and the excited second isotope; 

obtaining from the set of acquired RF signals a first set of 
data representative of a distribution of substantially 
only the first compound within the object. 56. The method of claim 52, wherein the solid-state tissue 

is bone. 
57. The method of claim 56, wherein the data are repre­

sentative of bone mineral density. 
58. A method for determining the mineral density of bone, 

the method comprising: 

66. The method of claim 65, further comprising the step 
of obtaining a second set of data representative of a distri-

25 bution of substantially only the second compound within the 
object. 

positioning the bone in a substantially static magnetic 
field; 

subjecting the bone to magnetic gradient pulses in at least 
two dimensions; 

exciting a first isotope in the bone while the bone is 
subjected to the magnetic gradient pulses; 

67. The method of claim 65 wherein the first isotope is the 
same as the second isotope. 

68. The method of claim 65, wherein the RF excitation 
30 pulse sequence comprises a first series of RF excitation 

pulses and a second series of RF excitation pulses. 

acquiring RF signals emitted by an excited first isotope 
after the first isotope has been excited, and while the 35 

bone is subjected to the magnetic gradient pulses; 

69. The method of claim 68, wherein a flip angle of the 
first series of RF excitation pulses is different than a flip 
angle of the second series of RF excitation pulses. 

70. The method of claim 69, wherein the step of obtaining 
the first set of data comprises processing the set of acquired 
RF signals in accordance with the flip angles of the first and 
second series of RF excitation pulses. processing the RF signals to generate data representative 

of a spatial distribution of the first isotope within the 
bone, 

processing the data to determine the mineral density of the 
bone. 

59. The method of claim 58, wherein the first isotope is 
31P. 

71. The method of claim 70, wherein the step of obtaining 

40 the first set of data comprises processing the set of acquired 
RF signals in accordance with the first and second spin­
lattice relaxation times. 

60. The method of claim 58, wherein the step of process- 45 
ing the data includes evaluating the intensity of the data. 

72. The method of claim 71, wherein the step of obtaining 
the first set of data comprises computing linear combina­
tions. 

73. The method of claim 72, wherein the step of obtaining 
the first set of data comprises subtraction. 61. The method of claim 58, further including the step of 

subjecting a phantom to magnetic gradients along with the 
bone, and wherein the data generated during the step of 
processing the RF signals are also representative of the 50 
spatial distribution of the first isotope within the phantom. 

74. The method of claim 68, wherein an interpulse rep­
etition time of the first series of RF excitation pulses is 
different than an interpulse repetition time of the second 
series of RF excitation pulses. 

62. The method of claim 61, wherein the step of process­
ing the data includes evaluating the intensity of the data 
representative of the bone relative to the intensity of the data 
representative of the phantom. 

75. The method of claim 74, wherein the step of obtaining 
the first set of data comprises processing the set of acquired 
RF signals in accordance with the interpulse repetition times 

55 of the first and second series of RF excitation pulses. 
63. The method of claim 61, wherein the phantom 

includes the first isotope in a first density. * * * * * 
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