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[57] ABSTRACT 

Methods and apparatus for characterizing bone mineral 
characteristics using differential cross polarization magnetic 
resonance methods are disclosed. According to one embodi
ment the method includes a step of producing a static 
magnetic field in a sample that includes first and second spin 
species where the second spin species has an unknown 
property. The method also includes a step of producing a 
state of dipolar order in spins of the first species in the 
sample. In addition, the method includes providing an RF 
field in the sample that is resonant with spins of the second 
species and then shifting the RF field by 180°. Then a signal 
representative of the unknown property of the second spe
cies in the sample may be acquired. Apparatus for perform
ing the above method are also disclosed. 

23 Claims, 8 Drawing Sheets 
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MEASURING BONE MINERAL 
CHARACTERISTICS USING DIFFERENTIAL 

CROSS POLARIZATION AND ADIABATIC 
DEMAGNETIZATION IN A ROTATING 

FRAME WITH MAGNETIC RESONANCE 

GOVERNMENT SUPPORT 

2 
In preferred embodiments, the RF field can be provided in 

the form of a rectangular pulse; the amplitude of the RF field 
in the sample can be increased to adiabatically remagnetize 
the second species; the step of producing a state of dipolar 
order can include the steps of spin locking the spins of the 
first species in the sample with a spin lock RF field and 
adiabatically reducing the spin lock field resulting in adia
batic demagnetization of the first spin species to produce the 

This invention was funded in part by National Institutes of 
Health grant AR42258 from the National Institute of Arthri-

10 
tis and Musculoskeletal and Skin Diseases. The Government 

state of dipolar order; the step of producing a state of dipolar 
order can include providing a Jeener-Broekaert pulse pair; 
the steps of producing a state of dipolar order, providing a 

accordingly has certain rights in the invention. 

FIELD OF THE INVENTION 

This application relates to magnetic resonance methods 
and apparatus, and more particularly to methods and appa
ratus for measuring bone mineral characteristics using dif
ferential cross polarization magnetic resonance methods. 

BACKGROUND OF THE INVENTION 

Bone mineral is composed primarily of a poorly crystal
line nonstoichiometric apatite similar to hydroxyapatite, but 
also contains HPO/- and CO/- as well as a variety of 
cations. For example, it is known that HPO/- ion concen
trations are the highest in newly deposited bone and that 
their relative concentration decreases as the mineral 
matures. Thus the ability to distinguish between PO/- and 
HPO/- in vivo is of great biochemical interest because of 
its potential application to diagnosis and treatment of con
ditions such as osteoporosis, Paget's disease, and bone 
defects including fractures, grafts, and tumor resections. 
Other applications include the study of the resorption and 
remodeling of calcium phosphate-based bone cements and 
implants. 

A Magnetic Resonance (MR) spectral editing technique 
proposed by Melchior is a spectrally selective solid state 
technique that has been used to resolve overlapping spectra 

field, and shifting the phase of the field can employ a surface 
coil surrounding a portion of the sample; the steps of 
producing a state of dipolar order, providing a field, and 
shifting the phase of the field can be performed with the 

15 second species comprising 31P in differing phosphate ions in 
the sample; the steps of producing a state of dipolar order, 
providing a field, and shifting the phase of the field can be 
performed in vivo; the steps of producing a state of dipolar 
order, providing a field, and shifting the phase of the field 

20 can be performed to detect a property of an artificial phos
phate in bone; the steps of producing a state of dipolar order, 
providing a field, and shifting the phase of the field can be 
performed for bone mineral; the steps of producing a state of 
dipolar order, providing a field, and shifting the phase of the 

25 field can be performed for a human patient; the step of 
producing a state of dipolar order and the step of providing 
a field need not overlap in time; the method can also include 
applying gradient fields and repeating the steps of producing 
a state of dipolar order, providing a field, shifting the phase 

30 
of the field, and acquiring, in order to acquire an image of 
a portion of the sample. 

In another general aspect, the invention features a mag
netic resonance apparatus kit for use with a magnetic 
resonance apparatus having a static field magnet and RF 
driving and detecting circuitry. The kit includes means for 

35 causing the driving circuitry to produce a state of dipolar 
order in spins of a first species, means for causing the driving 
circuitry to provide an RF field in the sample that is resonant 
with spins of a second species, means for causing the driving 
circuitry to shift the phase of the RF field by 180°, and 

in heterogenous, multicomponent polymer systems and 
organic compounds. It discriminates between species with 
overlapping spectra on the basis of their cross polarization 
times and allows selective resonances to be nulled. The 
technique has been variously called inversion recovery cross 
polarization (IRCP), cross polarization with polarization 
inversion ( CPPI), differential cross polarization (DCP), and 

45 
cross polarization--depolarization (CPD) in the literature. 
Wu et al. were able to use a DCP technique to suppress the 
dominant phosphate group and hence detect and identify a 
unique protonated phosphate present in bone mineral ex 
vivo. 

40 means for causing the detecting circuitry to acquire a signal 
representative of an unknown property of the second spe
cies. The kit can also include a surface RF coil for connec-
tion to the driving circuitry. 

In a further general aspect, the invention features a 
magnetic resonance apparatus that includes a static field 
magnet, RF driving and detecting circuitry, and an RF coil, 
such as a surface coil, responsive to the RF driving and 
detecting circuitry. The apparatus also includes means for 
causing the driving circuitry to produce a state of dipolar 

50 order in spins of a first species in the sample, means for 
causing the driving circuitry to provide an RF field in the 
sample that is resonant with spins of a second species in the 
sample, means for causing the RF driving circuitry to shift 
the phase of the RF field by 180°, and means for causing the 

Prior art DCP techniques have typically required the 
simultaneous irradiation of the sample at the resonance 
frequencies of the two nuclei with the magnitudes of both 
these fields much larger than the local dipole-dipole fields in 
the sample. These large fields can be difficult to generate 
over a large volume, and can present problems when applied 
to lossy samples such as biological tissues, as the RF power 
absorption scales with the square of the RF field amplitude 
and can produce tissue heating. 

SUMMARY OF THE INVENTION 

55 detecting circuitry to acquire a signal representative of an 
unknown property of the second species. The magnetic 
resonance apparatus can also include gradient coils. 

Methods and apparatus according to the invention can 
provide chemical contrast under conditions of low spectral 

60 resolution and low RF power deposition. These character
istics make such techniques particularly well suited to in 
vivo measurement of bone mineral characteristics. In one general aspect, the invention features a magnetic 

resonance method that includes producing a state of dipolar 
order in spins of a first species and, providing an RF field 
that is resonant with spins of a second species. The phase of 65 

the RF field is then shifted by 180°, and a signal represen
tative of a property of the second species is acquired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a high level block diagram of an illustrative 
embodiment of a magnetic resonance imaging system 
according to the invention; 
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FIG. 2 is an MR pulse sequence diagram for the embodi
ment of FIG. 1 using an RF step to remagnetize phosphorus; 

FIG. 3 is an MR pulse sequence diagram for the embodi
ment of FIG. 1 using an RF ramp to remagnetize phospho
rus; 

FIG. 4A is a plot of relative signal strength against total 
cross-polarization time for a system according to the 
invention, showing the effect of inverting the 31 P phospho
rus spin temperature at 20 fAS, 150 fAS, 750 fAS, and 2 ms after 
the initiation of cross polarization in a sample of brushite, 10 

with the magnitude of the RF field at approximately 200 fAT 
and the noise level below 0.5 units in the displayed scale; 

FIG. 4B presents the beginning of the plot of FIG. 4A on 
an expanded time scale to show the effect of inverting the 

15 phase during the transient oscillation, before the system can 
be described by a spin temperature; 

FIG. SA is a plot of relative signal strength against total 
contact time for a system according to the invention showing 
the effect of inverting the 31P phosphorus spin temperature 

20 
at 40 fAS, 125 fAS, 400 fAS, and 2 ms after the initiation of cross 
polarization in a sample of hydroxyapatite, with the mag
nitude of the RF field at approximately 200 fAT and the noise 
level below 0.35 units in the displayed scale; 

FIG. SB presents the beginning of the plot of FIG. SA on 25 
an expanded time scale to show the effect of inverting the 
phase during the transient oscillation, before the system can 
be described by a spin temperature; 

FIG. 6A is a plot of relative signal strength against total 
contact time for a system according to the invention showing 30 

the effect of inverting the 31P phosphorus spin temperature 
at various times during the cross-polarization in a bone 
specimen, with the RF field strength at 130 fAT and the noise 
level below 0.8 units in the displayed scale; 

FIG. 6B is a plot similar to FIG. 6A, with the RF field 35 

strength set to 200 fAT; 
FIG. 6C is a plot similar to FIG. 6A, with the RF field 

strength set at 320 fAT; 

4 
magnetization (at the start of the reverse cross-polarization) 
as a function of the RF field strength for brushite, with a 
smooth curve showing the best fit of equation [16] to the 
data points, yielding an equivalentS-spin local field value of 
256±13 fAT; and 

FIG. 12 is a plot of the ratio of the final magnetization 
(after 5 ms of reverse cross-polarization) to the initial 
magnetization (at the start of the reverse cross-polarization) 
as a function of the RF field strength for hydroxyapatite, 
with a smooth curve showing the best fit of equation [16] to 
the data points, yielding an equivalent S-spin local field 
value of 89±3 fAT. 

DETAILED DESCRIPTION OF AN 
ILLUSTRATIVE EMBODIMENT 

Referring to FIG. 1, an illustrative magnetic resonance 
imaging system 10 generally includes a magnet assembly 
13, interface circuitry 12, and a computer 40. The magnet 
assembly includes a very strong static field magnet 13 that 
creates a homogeneous magnetic field within and around a 
sample (e.g., an inert sample or patient) 20. Optional X, Y, 
and Z magnetic field gradient coils 14, 16, and 18 also form 
a part of the assembly and are positioned proximate or 
surrounding the sample 20. The assembly further comprises 
one or more main RF coils 22, which are positioned near or 
around the sample. 

The system can also includes a surface coil 48 instead of 
or in addition to the main coil 22. The surface coil is 
generally smaller than the main RF coil or coils 22 and is 
positioned inside a volume of the magnet assembly to obtain 
a spectrum or an image of part of a sample or patient. 
Although other designs are known in the art, the surface coil 
is typically made up of a single loop of wire. Its purpose is 
to provide increased RF power in part of a sample without 
increasing the overall RF power delivered to the sample and 
to increase detection sensitivity. 

The interface circuitry includes an optional gradient 
waveform generator 24 that has signal outputs connected to 

FIG. 7 is a composite spectrum of porcine bone obtained 
with a system according to the invention at different cross
polarization times including 0 fAS, 25 fAS, 60 fAS, 100 fAS, 200 
fAS, 350 fAS, 500 fAS, 1 ms, 2.5 ms, and 5 ms, after a forward 
cross-polarization time of 60 fAS at an RF field strength of 
130 fAT; 

40 the gradient coils 14, 16, and 18, and a control input 
connected to the computer 40. An RF signal generator 26 
also has a control input connected to the computer, and an 
output connected to an input of an RF power amplifier 28. 
The RF power amplifier has an output connected to an input 

45 of an RF switch 30. The RF switch can be connected to 
FIG. 8 is a composite spectrum of porcine bone obtained 

with a system according to the invention at (a) a forward 
cross-polarization of 60 fAS, and (b) after an additional 1 ms 
reverse cross-polarization with the RF field strength at 130 
fAT; the line width with the best Gaussian fit is 2300 Hz for 

50 
spectrum (a) and 4450Hz for spectrum (b); 

either the main RF or surface coils 22 and 48, and has an 
output connected to the input of an RF detector 32. 

The computer 40 includes computing hardware 42 and 
storage 44. The computing hardware can comprise special 
purpose hard-wired computing circuitry dedicated to MR 
acquisition and/or imaging, a specially programmed general 

FIG. 9 is a plot of relative signal strength versus reverse 
contact time for a system according to the invention showing 
the effect of inverting the phase after an adiabatic remag
netization of the 31 P spins of brushite to maximum fields of 
63, 260, 385, and 430 fAT, with the noise level below 0.5 
units in the displayed scale; 

FIG. lOA is a plot of relative signal strength versus 
reverse contact time for a system according to the invention 
showing the effect of inverting the phase after an adiabatic 
remagnetization of the 31p spins of the hydroxyapatite to 
maximum fields of 73, 130, 220, 515, and 630 fAT, with the 
noise level at less than 0.2 units in the display scale; 

FIG. lOB shows the beginning of the plot of FIG. lOA on 
an expanded scale; 

FIG. 11 is a plot of the ratio of the final magnetization 
(after 5 ms of reverse cross-polarization) to the initial 

purpose computer, or a combination of both. The storage can 
include various types of storage, such as disk storage and 
random access memory. The storage can be used to store 

55 data and programs, including the programs used to interact 
with the system's interface circuitry 12. The computer has a 
video output for providing video signals to a display 46, as 
well as control outputs connected respectively to control 
inputs of the gradient waveform generator 24 and the RF 

60 signal generator 26. The computer also has an acquisition 
input operatively connected to an output of the RF detector 
32. 

In operation, referring to FIGS. 1 and 2, the surface coil 
48 is wrapped around a portion of the sample 20, and the 

65 sample is placed in the bore of the static field magnet 13. 
Special-purpose software within the computer 40 causes the 
RF signal generator 26 to generate an MR pulse sequence 
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50. This pulse sequence is provided to the RF switch 30, 
which preferably provides it to the surface coil 48. 

In the description of the pulse sequence which follows, we 
will use protons CH or hydrogen-1 nuclei) as an example for 
the first spin species, and phosphorus (31P nuclei) as an 
example for the second spin species. This choice of spin 
species is preferred for characterizing bone mineral by 
means of the invention. However, the choice of any suitable 
nuclei for the first and second spin species falls within the 
scope of the invention. The sequence begins with an initial 
proton pulse 52. The initial pulse is followed by a 90° phase 
shifted spinlocking RF field 54 which is ramped down to 
zero amplitude, which adiabatically demagnetizes the pro
tons to produce a state of high dipolar order in the protons. 
Although the ramp shown in FIG. 2 is linear, the amplitude 
of the RF does not have to decrease linearly. 

After a short interval 56 during which both RF fields are 
off, a phosphorus RF step pulse is applied (rectangular pulse 
58). The phosphorus RF field should be resonant with the 
phosphorus, i.e., it should be at or near the resonance 
frequency of phosphorus. After a short period, the RF phase 
is shifted by 180° (time point 60), and the field is left on for 
another short period 62. Finally, the RF is turned off, and the 
resulting signal 64 is acquired from the surface coil 48 
through the RF switch 30. The RF detector detects the 
acquired signal and provides it to the computer 40 for 
processing and display. 

Referring to FIGS. 1 and 3, magnetic resonance system 10 
can also adiabatically remagnetize the phosphorus spins. 
This alternative sequence 70 also begins with a proton pulse 
72 by followed a ramp 74 to demagnetize the protons. After 
a short interval 76 during which neither field is on, a slow 
phosphorus RF ramp 78 is applied to adiabatically remag
netize the phosphorus spins. Although the ramp shown in 
FIG. 3 is linear, the amplitude of the RF power does not have 
to increase linearly. After the remagnetization, the phase of 
the RF is shifted by 180° (time point 80) and the RF field is 
left on for a short period 82. The RF field is then turned off, 
and the resulting signal 84 is acquired from the surface coil 
through the RF switch 30. The RF detector 32 detects the 
acquired signal and provides it to the computer 40 for 
processing and display. 

The two pulse sequences described above can be used to 
determine a property of the second spin species. As 
described above, these sequences include detecting the sig
nal of the second spin species. However, it is also within the 
scope of the invention to detect the signal of the first spin 
species for the purpose of determining a property of the 
second spin species. The detected property can be chemical 
identity, concentration, or any other property that can be 
determined from the signal received from the sample, and 
the property may be derived from the spectral amplitude, 
spectral line shape, spectral shifting, relaxation time or other 
attributes of the MR signal. The two sequences can be 
particularly useful in attempting to selectively detect 
HPO/- while suppressing PO/- in bone. The sequences 
can also be useful in detecting properties of an artificial 
phosphate in bone, such as phosphate deposited by pharma
ceutical intervention, or surgically implanted phosphate. 

In one embodiment, the acquisition is performed with one 

6 
ments a commercially available, medical MR imaging sys
tem can be used. Because the driving electronics and/or 
system software of such clinical MR systems are not gen
erally designed for measuring MR signals with short T 2 

relaxation times, the driving and detecting electronics of a 
research or spectroscopic MR system can be cabled to excite 
the coils of and detect the signal from a sample and coils 
placed within the magnet of the clinical MR system. The 
gradient coils in the systems can be left unexcited, or they 

10 be used to obtain images of the sample, using a combination 
of the technique described herein and known imaging 
methods, such as projection reconstruction. 

One imaging method employing techniques according to 
the invention may be obtained by substituting either of the 

15 two sequences described above in place of the cross polar
ization portion of the repeating sequence in the method 
described in J. L. Ackerman et al., Phosphorus-31 Magnetic 
Resonance Imaging of Hydroxyapatite: A Model for Bone 
Imaging, Magnetic Resonance in Medicine, vol. 25, pp. 

20 1-11 (1992), which is herein incorporated by reference. 
While such an imaging technique should be well suited for 
measurements made of inanimate objects, care must be 
taken to limit power dissipation when making measurements 
in vivo. This type of imaging method may be best suited for 

25 smaller biological structures such as the human wrist. 
The principles of the invention will now be described in 

more detail. To begin this discussion, it is important to 
understand the ADRF-CP (adiabatic demagnetization in the 
rotating frame-cross polarization) technique. The ADRF-CP 

30 technique was proposed by Anderson et al. in E. G. Ander
son and S. R. Hartman, Phys. Review, Vol. 128, pg. 
2023-2041 (1962), but has been used infrequently since 
then. ADRF-CP has been applied to the study of different 
calcium phosphates and bone, as described in Y. Wu, Solid 

35 State Study of Bone Mineral, MIT Ph.D. Thesis (1992), and 
in ADRF-CP Surface Coil Spectroscopy of Synthetic Cal
cium Phosphates and Bone Mineral, Journal of Magnetic 
Resonance, Series A 121, pp. 127-138 (published August 
1996). These minerals are somewhat different from sub-

40 stances most often studied with cross-polarization as both 
spin species are comparably abundant. 

In the mathematical description of the theory of ADRF
CP which follows, it is convenient to use the algebraic 

45 
notation I for the first spin species, and S for the second spin 
species. This is consistent with descriptions of the prior art 
in the scientific literature. 

Consider a sample containing NI and N5 spins of two 
dissimilar spin-¥2 systems I and S with gyromagnetic ratios 

50 
YI and y 5 , respectively, in an external magnetic field B0 . 

Neglecting the spin-lattice and chemical shift interactions, 
the spin-Hamiltonian of this system is given by: (See D. 
Wolf, "Spin-Temperature and Nuclear-Spin Relaxation in 
Matter: Basic Principles and Applications," Clarendon 

55 
Press, Oxford, 1979.) 

(1) 

60 where 

of the two sequences described above using a commercial 
spectroscopic MR imaging system having a 4.7 T 30 em 
horizontal bore magnet. Specially developed software mod
ules are used to drive the MR imaging system and a 65 

single-loop surface coil is placed around part of the sample 
within the static field magnet. For human in vivo measure-

HZI is the Ispin Zeeman interaction, 
HDIIRL is the rigid-lattice contribution to the homo nuclear 

I -spin dipolar interaction, 
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Hzs and HDss RL denote the corresponding S-spin 
interactions, 

Hms RL is the rigid-lattice I-S dipolar interaction, and 

HRF is the interaction of the applied RF with the spins. 
Letting W 0I=YIB0 , w05=y5 B0 , Wli=yiBw and w15=yB15, and 
transforming the resulting Hamiltonian to the tilted rotating 
frame (TR frame), the Hamiltonian of the spin system can be 
written as 

8 
parallel to the B1 field will now be spin-locked anti-parallel 
to the field, resulting in an instantaneous change in the spin 
temperature of that system from B to -B. 

As ADRF cross polarization proceeds, the S-spin Zeeman 
and the dipolar temperatures approach a common value Be. 
If the phase of the S-spin RF is shifted by 180 degrees, the 
S-spin polarization will now be anti-parallel to the Zeeman 
field, and the S-spin Zeeman temperature changed instanta
neously from B5 to B5 . It should be noted that in the case of 

where 

wei~{ w1/+(w,w01)")} 112 

Wes~{ w,/+(Ws-WosJ")} 112 

(2) 

(3) 

10 
ADRF-CP the temperature inversion can only be performed 
on the S spins as the symmetry between the I- and S-spin 
systems has been broken. The I spins are aligned along the 
local dipolar fields and not along an external RF field. The 
dipolar spin temperature may be inverted with a hard RF 
pulse, but the efficiency of this approach would be poor. An 

15 RF pulse of angle a applied to the dipolar system of a 
( 
4

) sample containing a single spin species will result in a 
The total time-independent dipolar Hamiltonian in the TR change in its energy given by (see J. Jeener, H. Eisendrath, 

frame is derived only from the secular contributions in the and R. Van Steewinkel, Phys. Rev. 133, A478-A490 
laboratory frame. Assuming that the different dipolar terms (1964)). 
are strongly coupled to each other, a reasonable assumption 20 

given their dense, overlapping spectral distributions (valid 
for abundant I and S spins), the total dipolar local field in the 
TR frame is 

Tr{(HpRL)2 + (HpRL)2 + (HpRL)2) 
B

2 _ D/1 DSS DIS 
Lp-

(5) 25 

(6) 

( 
3 . 2 ) EDa ~ED 1- ;;:sm a: , 

(7) 

where ED and EDa are the energies of the dipolar system 
before and after the pulse. The most negative energy is 
produced by a rt/2 pulse resulting in a dipolar energy of 
-ED/2. Thus if B is the temperature of the system before the 
pulse, the temperature after the pulse corresponds to a 

30 temperature -2B, which represents a significant loss of 
polarization. The effect of the pulse becomes more compli
cated in multiple spin systems as the transfer efficiency 
depends on both the homonuclear and heteronuclear dipolar 

In the ADRF cross polarization process the spin system is 
initially prepared in a state of dipolar order, produced using 
either an ADRF technique (see A G. Anderson and S. R. 
Hartmann, Phy. Rev. 128, 2023-2041 (1962) and C. P. 
Slichter and W. C. Holton, Phys. Rev. 122, 1701-1708 35 

(1961)) or a Jeener-Broekaert pulse pair (see J. Jeener and P. 
Broekaert, Phys. Rev. 157, 232-240 (1967)). A state of 
dipolar order is one in which the dipolar order exceeds the 
order normally present given the temperature of the sample. 
This polarization along the local field can be transferred into 

couplings. 
If the phase shift is performed after equilibration of the 

dipolar and Zeeman reservoirs, the spin temperatures of the 
two systems immediately after the shift are Be and -Be. 
Thermal mixing then takes place between the dipolar and 
Zeeman systems, and the final temperature of the spin 

40 system after equilibration B1 is obtained using the conser
vation of energy an observable Zeeman polarization of the S spins by the 

application of a resonant RF field. If the S-spin RF field is 
applied suddenly, there is an initial oscillatory exchange of 
magnetization between the two spin systems after which 
thermal mixing takes place between the dipolar and Zeeman 45 

reservoirs and their temperatures equalize. The RF field can 
also be increased adiabatically from zero so that the two 
reservoirs are always in equilibrium, their temperatures 
being equal at all times. 

The ADRF technique used in the invention is modified to 50 

yield a form of differential cross polarization, which is 
performed by instantaneously inverting the temperature of 
one of the spin systems during the cross polarization pro
cess. The sudden disequilibrium and subsequent evolution 
of the spins towards a common spin temperature may cause 55 

the magnetization of the S spins to pass through zero. The 
time at which this zero-crossing occurs will be different for 
species with different cross polarization times Tis· As the 
cross polarization is mediated by the dipolar coupling 
between the nuclei, the technique is sensitive to the local 60 

ordering of the nuclear species. In conventional spin-lock 
cross polarization the temperature inversion is produced 
either by applying a hard 180 degree pulse or, more usually, 
by shifting the phase of either the I or S-spin RF by 180 
degrees. When this is done rapidly, the "sudden approxima- 65 

tion" of quantum mechanics applies. The populations of the 
spin states do not change, but the spins that were spin-locked 

(CI + Cs )B'f:r, - Cs Bfs 

e, 
(CI + Cs )BzP - Cs Bfs 

ef 

(8) 

where C1 and C5 are the Curie constants of the I and S spins, 
respectively. This leads to a final spin temperature 

1 ( (C1 + Cs)BzP- CsBTs) 1 

e; ~ (C1 + Cs)BzP- CsBfs 8; 

where 

2 - (CI + Cs) 2 - ( Ci ) 2 F - ---BLp - 1 + - BLp· 
Cs Cs 

(9) 

(10) 

(11) 

We call F the equivalent S-spin local field. It is the local 
magnetic field that the S spins must experience in order to 
have the same heat capacity as the total secular dipolar 
reservoir. F is related to E; the ratio of the heat capacity of 
the S-spin Zeeman reservoir to that of the total dipolar 
reservoir by 

E~B,//F2 
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The final observed magnetization after complete 
equilibration, phased with respect to the magnetization 
before the temperature inversion, is given by 

(12) 

10 
adiabatic demagnetization of the spins. However, we have 
found that this sequence results in a reproducible and 
relatively efficient transfer of Zeeman to dipolar order, given 
our experimental constraints (see C. Ramanathan and J. L. 
Ackerman, Abstracts of the 37th Annual Experimental NMR 
Conference, March 17-22, Pacific Grove, Calif. (1996)). 

_ Cs ( Bfs - F
2

) --Brs ---
Be Bfs- F2 

_ (Bf5 - F
2

) -Me---
Bfs- F2 

(13) 

(14) 

After a short interval during which both RF fields were 
off, the phosphorus RF was turned on. An eight-step phase 
cycle, with spin-temperature alternation, was used to remove 

10 
the nutation signal due to the 31P RF and detect the CP 
signal. No proton decoupling was used during signal acqui
sition. 

where In the first series of experiments the phosphorus RF was 
suddenly turned on to initiate cross polarization. Differential 

(15) 

is the observable magnetization before the phase shift. The 
ratio of the final magnetization to the magnetization just 
before the phase shift is 

15 cross polarization was performed by shifting the phase of the 
31 P RF by 180 degrees to invert the temperature of the 
phosphorus spins as illustrated in FIG. 2. Experiments were 
performed on samples of hydroxyapatite, brushite, and bone 
under the conditions shown in Table 1. Each spectrum 

20 obtained represents a unique combination of forward and 
reverse cross polarization times. 

(16) 

25 

If the temperature inversion is performed after equilibra
tion of the Zeeman and dipolar reservoirs a zero crossing of 
the observed magnetization should be produced only if the 
magnitude of the applied RF field is less than the equivalent 
S-spin local field. When a larger B15 field is applied, a zero 30 

crossing should be produced only if the phase change is 
performed before the Zeeman and dipolar reservoirs equili
brate. At short times after the phase of the RF is shifted, there 
is a transient oscillatory exchange of magnetization between 
the Zeeman and dipolar reservoirs. These Strombotne-Hahn 35 

oscillations occur at the effective Larmor frequency Wes of 
the S-spins in the rotating frame. Transient oscillations 
observed in regular DCP experiments usually occur only in 
the presence of resolved I-S couplings (see L. Muller, A 
Kumar, T. Baumann, and R. R. Ernst, Phys. Rev. Lett. 32, 40 

1402-1406 (1974)), and their frequency depends on the 
magnitude of the I-S dipolar coupling. 

EXAMPLES 

TABLE 1 

Experimental Conditions for Step ADRF-DCP Spectra 

Number of acquisitions 
1 H 90° pulse 
Demagnetization ramp time 
Dipolar time 
Recycle time 

Synthetic 
calcium 
phosphates 

64 

64.us 
80 .us 

300 .us 
2s 

Bone 
specimen 

128 

64.us 
80 .us 

300 .us 
1.7 s 

In the second series of experiments, a slow RF ramp was 
used to adiabatically remagnetize the phosphorus spins, 
following the ADRF of the protons. After the 
remagnetization, the phase of the RF was shifted by 180 
degrees and the evolution of the spin system observed. 
Spectra were collected for varying reverse cross polarization 
times ranging from zero to 10 ms, and different B 15 field 
strengths. The pulse sequence shown in FIG. 3 was used and 
the experimental parameters are given in Table 2. The 
experiment was performed on samples of hydroxyapatite 

Proton to phosphorus DCP experiments were performed 45 and brushite. The duration of the remagnetization ramp was 
kept fixed at 2 ms for hydroxyapatite and 1.5 ms for brushite. on synthetic samples of hydroxyapatite and brushite 

(CaHP04 . 2H2 0) (Aldrich Chemical Company, Inc., 
Milwaukee, Wis.) as well as a specimen of diaphyseal 
porcine tibial bone. The specimen of porcine bone was 
obtained abattoir, cleaned of soft tissue and allowed to dry 50 

in air, retaining its complement of protein and lipid. The 
experiments were conducted in an Omega CSI (formerly 
General Electric, now Bruker Instruments, Fremont, Calif.) 
NMR system equipped with an Oxford Instruments (Oxford, 
UK) 4.7T 30 em horizontal bore magnet. The proton and 55 

phosphorus transmitter frequencies were set on resonance 
for a sample of phosphoric acid. 

A 90 degree proton pulse followed by a linear ramp 
demagnetization of the spin lock field was used to create the 
dipolar ordered state. The duration of the proton 90 degree 60 

pulses, approximately 65-100 fAS, was too long to be con
sidered a hard pulse. However we were limited by the 
maximum available power and the relatively large sample 
sizes we were using. The duration of the linear demagneti
zation ramp used was almost identical to the duration of the 65 

90 degree pulse. This is effectively a 45 degree pulse, thus 
resulting in a Jeener-Broekaert pulse pair rather than a true 

TABLE 2 

Experimental Conditions for Ramp ADRF-DCP Spectra 

Number of acquisitions 
1H 90° pulse 
Demagnetization ramp time 
Dipolar time 
Remagnetization ramp time 
Duration of constant RF before phase shift 
Recycle time 

Brushite Hydroxyapatite 

64 
100 JlS 
100 JlS 
100 JlS 
1.5 ms 

100 JlS 
2s 

64 
64 .us 
80 .us 

300 .us 
2.0 ms 

500 .us 
2 s 

The step RF experiments and the hydroxyapatite ramp RF 
experiment were performed using a two-port double reso
nance 1H-31P 4.8 em diameter single loop surface coil. A 
two-port double resonance 1H-31P 2.5 em diameter 7.6-cm 
long cylindrical resonator was used in the brushite ramp RF 
experiment. 

Each FID was baseline corrected and apodized with a 750 
Hz exponential before being Fourier transformed. An iso-
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chromat of spins 3 kHz wide centered around the peak was 
integrated to calculate the signal intensity in the figures 
illustrating the differential cross polarization. In order to 
perform the curve fitting to Equation [16], the spectra were 
fit with a Gaussian line shape and the peak intensity 
recorded. The spectral processing and analysis were per
formed with the routines of NMR1 (formerly New Methods 
Research, now Tripos, St. Louis, Mo.). The curve fitting was 
performed using the Levenberg-Marquardt method and the 
Numerical Recipes C programming routines described in 
Press et al (see W. H. Press, S. A Teukolsky, W. T. 
Vetterling, and B. P. Flannery, "Numerical Recipes in C," 
seconded., Cambridge Univ. Press, Cambridge, UK (1992)). 

In the first series of experiments with the step RF (FIG. 2), 

12 
oscillation before the asymptotic signal could be observed. 
Note the change in shape of the spectra at 1 ms, 2.5 ms, and 
5 ms. The line widths obtained from a Gaussian curve fit to 
the spectra at these times are 4450 Hz, 3400 Hz, and 3000 
Hz respectively. This is expected as the broader protonated 
spectral components cross polarize faster than the non
protonated components, and hence invert faster. The broad 
spectrum at a 1 ms reverse cross polarization time was 
indicative of the presence of HPO/- groups in the bone. 

10 FIG. 8 allows direct comparison of the spectra just before 
the phase shift (1 w=2300 Hz) and after 1 ms of reverse cross 
polarization (1 w=4450 Hz). 

In the second series of experiments a linear ramp remag
netization was performed on the phosphorus spins to differ-

15 ent maximum RF field strengths (FIG. 3). After a brief 
interval during which the RF was kept constant, the RF 
phase was shifted by 180 degrees while the magnitude was 
kept fixed. 

a number of combinations of forward and reverse cross 
polarization times were used to study the dynamics of the 
spins under this pulse sequence. The results for brushite are 
shown in FIGS. 4A and 4B. The usual forward cross 
polarization signal (solid line) is shown extending out to a 
contact time of 5 ms. The figure also shows the effect of 20 

inverting the 31P phase at 20 fAS, 150 fAS, 750 fAS and 2 ms 
after the RF is first turned on. It was observed that the 
inversion of the signal is stronger if the phase is shifted early 

The results obtained with brushite are shown in FIG. 9 for 
B15 field strengths of 63 fAT, 260 fAT, 385 fAT and 430 fAT. The 
63 fAT curve was seen to invert rapidly, while the 260 fAT 
curve inverted much more slowly, at approximately 1.8-2 
ms contact time, after the initial oscillations had decayed. 
The 385 fAT and 430 fAT curve did not change significantly in the cross polarization process, before the 31P and 1H can 

equilibrate completely. Transient oscillations were observed 
immediately following the phase inversion in every experi
ment. 

At 20 fAS and 150 fAS, the transient oscillations due to the 
sudden application of the RF field have not damped out and 
the system cannot be described by a spin temperature. At 
750 /AS and 2 ms, it appears that the spin temperature 
description should be valid for this spin system. When the 
temperature is inverted at 750 fAS and 2 fAS, the zero crossings 
were observed to occur after the new transient oscillations 
have decayed, at approximately 1.6 ms and 4 ms of total 
contact time respectively, and should be determined only by 
the cross polarization times. When the temperature was 
inverted at 2 ms, the asymptotic value of the curve was small 
and negative, indicating that magnitude of the B 15 field 
(""200 fAT) is slightly smaller than the magnitude of the 
equivalentS-spin local field as described by Equation [16]. 

The response of the hydroxyapatite spin system to the step 
RF experiment is illustrated in FIGS. SA and 5B. It shows 
the effect of inverting the temperature at 40 fAS, 125 fAS, 400 
fAS and 2 ms after the RF is first turned on. Once again the 
inversion of the signal is stronger if the phase is shifted early 
in the cross polarization process before equilibration pro
ceeds very far. The signal was observed to pass through zero 
only if the phase was shifted during the early part of the 
transient oscillation, indicating that the value of the B 15 field 
(""200 fAT) was greater than that of the equivalent S-spin 
local field. The slope of the oscillation immediately after the 
inversion of the phase was the negative of the slope just 
before the inversion, as can be seen in FIG. 5B. 

The response of the bone specimen to the step RF field is 
shown in FIGS. 6A-C for three different field intensities of 
130 fAT, 200 fAT, and 320 fAT. The strongest cross polarization 
took place at the lowest field. The response of the 31P spins 
to the temperature inversion was also the greatest in the 130 
fAT field, indicating strong thermal contact between the two 
systems. However, even the 130 fAT field was larger than the 
equivalentS-spin local field of the bone specimen. At 320 fAT 
there was a very small response to the phase change after the 
initial oscillation. 

FIG. 7 shows the series of spectra obtained when the 
phase is inverted 60 /AS after the RF is turned on. A strong 

25 after a large initial transient oscillation. The transient oscil
lations were observed in all cases. 

The results of the ramp remagnetization experiment on 
hydroxyapatite are shown in FIG. 10, and closely parallel 

30 
those of brushite. For B15= 73 fAT there was a strong response 
to the change in the RF phase. The cross polarization rate 
was comparatively the fastest at this field and the magneti
zation was seen to slowly invert at approximately 6 ms of 
reverse cross polarization time. The 130 fAT and 220 fAT 

35 
curves indicated some contact between the dipolar field and 
the Zeeman field with slower cross polarization times, while 
the 515 fAT and 630 fAT fields indicated almost no contact 
between the two systems. Note that the amplitude of the 
transient oscillation also decreased as the B 15 field strength 

40 
was increased. The small initial value of the 630 fAT curve is 
due to the non-adiabaticity of the ramp remagnetization to 
this field. A slower ramp is needed in this case to achieve an 
adiabatic remagnetization. 

The ratio of the final magnetization after 5 ms of reverse 

45 cross polarization to that when the phase is changed is 
plotted as a fiuction of B15 field strength in FIGS. 11 and 12. 
The points have been fit to the expected functional form of 
Equation [16] using F as the only adjustable parameter. The 
best fits to the brushite and hydroxyapatite data yielded 

50 equivalent S-spin local fields of 256±13 fAT and 89±3 fAT 
respectively. 

The sudden disequilibrium between the 1H and 31P spins 
produced transient Strombotne-Hahn oscillations in our 
experiments. These oscillations occurred at the effective 

55 Larmor frequency Wes of the 31 P spins, and therefore 
depended on the amplitude of the RF field applied. The 
presence of these transient oscillations made it complicated 
to predict the zero-crossing of the signal based on the cross 
polarization time Tis alone, as is usually done in conven-

60 tional DCP experiments. 
In the step RF case, only the brushite spectra in which the 

phase reversal was performed at 750 fAS and 2 ms produced 
zero crossings after the initial transient oscillations had 
decayed. In the ramp remagnetization study, the 73 fAT 

65 hydroxyapatite spectrum was observed to slowly invert at 
about 6 ms, and the 260 fAT brushite spectrum was observed 
to invert at about 1.8-2 ms. In the case of the adiabatic 
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remagnetization, the magnitude of the RF field should be 
smaller than the equivalent S-spin local field, otherwise no 
zero crossing will be observed as described by Equation 
[16]. If the magnitude of the RF field is too small there is no 
clear zero crossing as the magnetization remains negative 
after the oscillations have damped out. One should choose 
the amplitude of the RF field to be smaller than the equiva
lent S-spin local field, yet sufficiently large so as to ensure 
that the cross polarization time Tis which is also dependent 
on the RF field strength (see D. A McArthur, E. L. Hahn, 10 

and R. E. Walstedt, Phy. Rev. 188, 609-638 (1969)), is long 
enough that the zero crossing occurs after the oscillations 
have decayed. In the case of the step RF field, the phase 
change should be performed only after the initial oscillations 
have decayed, and the phosphorus spins can be described by 15 

a spin temperature. 

It is interesting to note from Equation [16] that it should 
also be possible to suppress one component of a multicom
ponent system by using an RF field whose magnitude is 
equal to the equivalent S-spin local field of the component 20 

to be suppressed (B1s=F). 

As long as the experiments are conducted in a time short 
compared to the spin-lattice relaxation times Tw and Tip of 
the sample, it is possible to perform simple calorimetry with 
the two spin systems. In addition, as the heat capacity of the 25 

31 P spins depends on the magnitude of the RF field, it is also 
possible to find the strength of the equivalent S-spin local 
dipolar field of the sample. We obtained equivalent S-spin 
local field values of 256±13 ,uT for brushite and 89±3 ,uT for 
hydroxyapatite. Incomplete equilibration of the spin systems 30 

before and after the temperature inversion, as well as T 1 P 

effects have been neglected in the current model. Incorpo
rating these considerations could improve the theoretical fit 
to the data, though it will lead to the introduction of a 
number of additional parameters. It should also be possible 35 

to combine the results of these experiments with those of 
proton-observe experiments to calculate the effective ratio of 
the Curie constants of the two spins, indicating the number 
of proton spins in effective dipolar contact with each phos-
phorus spin. 40 

14 
without departing from the scope of the invention as defined 
by the appended claims. 

What is claimed is: 
1. A DCP and ADRF magnetic resonance imaging 

method, comprising the steps of: 
producing a static magnetic field in a sample comprising 

first and second spin species, the second spin species 
having an unknown property, 

producing a state of dipolar order in spins of the first 
species in the sample, 

providing an RF field in the sample that is resonant with 
spins of the second species in the sample, 

shifting the phase of the RF field provided in the step of 
providing an RF field resonant with spins of the second 
species by 180°, and 

acquiring a signal representative of the unknown property 
of the second species in the sample. 

2. The method of claim 1 wherein the step of providing an 
RF field provides the RF field in the sample in the form of 
a rectangular pulse. 

3. The method of claim 1 wherein the step of providing an 
RF field progressively increases the amplitude of the RF 
field in the sample to adiabatically remagnetize the second 
species. 

4. The method of claim 1 wherein the step of producing 
a state of dipolar order includes the steps of spin locking the 
spins of the first species in the sample, and adiabatically 
demagnetizing a spin lock field resulting from the step of 
spin locking to produce the state of dipolar order. 

5. The method of claim 1 wherein the step of producing 
a state of dipolar order includes providing a Jeener
Broekaert pulse pair. 

6. The method of claim 1 wherein the step of producing 
a state of dipolar order includes providing an adiabatic 
frequency sweep onto resonance of the first spin species 
with an RF field having an amplitude which is small 
compared to the strength of the local field. 

7. The method of claim 1 wherein the steps of producing 
a state of dipolar order, providing an RF field, and shifting 
the phase of the RF field employ a surface coil surrounding 
a portion of the sample. 

The ramp remagnetization experiments show that it is 
possible to effectively break thermal contact between the 
Zeeman and dipolar reservoirs by increasing the strength of 
the RF sufficiently. By varying the size of the applied RF 
field the interaction of these reservoirs can be examined over 
different regimes. 

8. The method of claim 1 wherein the steps of producing 
a state of dipolar order, providing an RF field, and shifting 
the phase of the RF field are performed with the second 

45 species comprising 31 P in differing phosphate ions in the 
sample. 

As will be apparent from the preceding discussion, the 
presence of transient oscillations can make it difficult to 
select a specific set of forward and reverse cross polarization 50 
times to achieve spectral selection based on Tis differences. 

9. The method of claim 1 wherein the steps of producing 
a state of dipolar order, providing an RF field, and shifting 
the phase of the RF field are performed in vivo. 

10. The method of claim 1 wherein the steps of producing 
a state of dipolar order, providing an RF field, and shifting 
the phase of the RF field are performed to detect a property 
of an artificial phosphate in bone. 

It is therefore necessary to carefully selects the magnitude of 
the RF field used, as well as the time at which the 31P spin 
temperature is inverted in order to be able to perform 
spectral selection. However, under specific conditions it 
should be possible to find an appropriate set of parameters 
in order to achieve a particular selectivity, if the values of Tis 
and the various TI times are sufficiently different from each 
other. Alternately, the ADRF-DCP technique can also be 
used to provide spectral selection on the basis of the equiva- 60 
lent S-spin local field. It is also possible to perform spin 
calorimetry to obtain the value of equivalent S-spin local 
fields. 

11. The method of claim 1 wherein the steps of producing 
55 a state of dipolar order, providing an RF field, and shifting 

the phase of the RF field are performed for bone mineral. 
12. The method of claim 1 wherein the steps of producing 

a state of dipolar order, providing an RF field, and shifting 
the phase of the RF field are performed for a human patient. 

13. The method of claim 1 wherein the step of producing 
a state of dipolar order and the step of providing an RF field 
do not overlap in time. 

14. The method of claim 1 further including the step of 
applying gradient fields and repeating the steps of producing 

65 a state of dipolar order, providing an RF field, shifting the 
phase of the RF field, and acquiring, in order to acquire an 
image of a portion of the sample. 

While there have been shown and described what are at 
present considered the preferred embodiments of the present 
invention, it will be obvious to those skilled in the art that 
various changes and modifications may be made therein 
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15. A magnetic resonance apparatus kit for use with a 
magnetic resonance apparatus having a static field magnet 
and RF driving and detecting circuitry, comprising: 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to produce a state of dipolar 
order in spins of a first species in the sample, 

16 
an RF coil responsive to the RF driving and detecting 

circuitry, 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to produce a state of dipolar 
order in spins of a first species in the sample, 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to provide an RF field in the 
sample that is resonant with spins of a second species 

10 in the sample, 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to provide an RF field in the 
sample that is resonant with spins of a second species 
in the sample, 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to shift the phase of the RF 
field by 180°, and 

means for causing the RF driving circuitry of the mag
netic resonance apparatus to shift the phase of the RF 
field by 180°, and 

means for causing the RF detecting circuitry of the 15 

magnetic resonance apparatus to acquire a signal rep
resentative of an unknown property of the second 
species in the sample. 

means for causing the RF detecting circuitry of the 
magnetic resonance apparatus to acquire a signal rep
resentative of an unknown property of the second 
species in the sample. 

20. The magnetic resonance apparatus of claim 19 
wherein the RF coil is a surface coil. 16. The kit of claim 15 further including a surface RF coil 

for connection to the RF driving circuitry. 
17. The kit of claim 15 wherein the means for causing the 

RF driving circuitry of the magnetic resonance apparatus to 
produce a state of dipolar order include means for spin 
locking the spins of the first species in the sample, and 
include means for adiabatically demagnetizing a spin lock 
field resulting from the step of spin locking to produce the 
state of dipolar order. 

18. The kit of claim 15 wherein the means for causing the 
RF driving circuitry of the magnetic resonance apparatus to 
produce a state of dipolar order and the means for causing 
the RF driving circuitry of the magnetic resonance apparatus 
to provide an RF field in the sample that is resonant with a 
second species in the sample produce RF fields that do not 
overlap in time. 

19. A magnetic resonance apparatus, comprising: 

a static field magnet, 

RF driving and detecting circuitry, 

20 21. The magnetic resonance apparatus of claim 19 further 
including gradient coils. 

22. The magnetic resonance apparatus of claim 19 
wherein the means for causing the RF driving circuitry ofthe 
magnetic resonance apparatus to produce a state of dipolar 

25 order include means for spin locking the spins of the first 
species in the sample, and include means for adiabatically 
demagnetizing a spin lock field resulting from the means for 
spin locking to produce the state of dipolar order. 

23. The magnetic resonance apparatus of claim 19 
30 wherein the means for causing the RF driving circuitry ofthe 

magnetic resonance apparatus to produce a state of dipolar 
order and the means for causing the RF driving circuitry of 
the magnetic resonance apparatus to provide an RF field in 
the sample that is resonant with a second species in the 

35 sample produce RF fields that do not overlap in time. 

* * * * * 
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