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Stray-field techniques are reported for 3'P studies of solids fora was obtained in less than 1.5 h and had a signal-to-noise ratio
variety of compounds including bone, bone meal and calcium hy- about 25: 1. The spatial resolution was better than 0.5 8)m (
droxyapatite. Long Hahn echo trains produced by the application The STRAFI method employs the large field gradients
of many pulses were used as in the long echo-train summation tech- (58 T/m in this present instance) that occur in the static, stra
”iqd“?-g?oua'e'reso,“ancf e”hanctetme”tts gf 1P by “SEIOf mhdg?t or fringe field of superconducting magnets. The quadratur
ana indirect experiments were attempted on a sample o . ; ;

IP{F} doubli resonance produceclio, at most, a 2%% increr:se i?w n:ultlple'pkl‘JlSe sequence [PA(r—9Q—echo—)] is usually em-
the initial level of the 3P echo signal. © 2001 Academic Press ployed. T ¢ Shqrt, flxed.frequency pulses, u.sua”y aboytd0

Key Words: phosphorus; bone: stray-field (STRAFI); long echo-  ©F less in duratlon, excite only a narrow slice of the sampl_e
train summation (LETS); double resonance. becquse the grad_lent strength is very large. For protons wi

relatively narrow lines, the linewidth effect is not the govern-

ing factor and the slice thickness is governed by the pulse d
INTRODUCTION ration and is about 4@m for a 10us pulse. For other nu-

clides the slice thickness increases with the ratig.ofo yx of

There have been myriad studies of solid-sBRespectra re- the observed nucleus, X. This “sensitive slice” can be move:
ported in the literature but only a few have dealt with imaghrough the sample by translation of the phantom (or adjus
ing in the solid, despite the interesting possibility of imagingient of the excitation frequency) to give a one-dimensiona
bone. Li reportedX, 2) the use of the “solid-echo” method ofprofile. Extension to two and three dimensions may be accon
McDonaldet al. (3) for some one-dimensional profiles of boneplished by rotations of the sampl&Q, 1) and the technique of
The method uses the Powles—Mansfield solid-echo sequerizagk-projection.

[903-71-90)—7>— echo], and sinusoidal magnetic field gradients. The theory and applications of this STRAFI technique, in-
Ackermanet al. also used a spin-echo sequence, this time withuding diffusion aspects, have been reviewed comprehensive
a low-angle initial pulse and a 18@econd pulse, followed by by McDonald (L0), and McDonald and Newlind.(), and briefly

a 180 pulse flip-back, and pulsed field gradients, on a sampdy Randall (2). The method, originally due to Samoilenko
of calcium hydroxyapatite, Gg(OH)>(PQy)s, to produce’'P etal.(13), has had considerable success for nuclides of all type
profiles @). Subsequently 3D images were produced by use iof virtually any solid, diamagnetic or paramagnetigl), re-

a fixed amplitude magnetic field gradient, variation of its diregardless as to whether the nuclide in question is quadrupol:
tion, and back-projection of the data<(g). (9, 14-17.

We report the application of thetrayfield (STRAFI) tech-  The echoes in the echo trains produced by the quadratu
nique to®'P studies of a number of solids with a view to assessirsgquence above are composite echoes, consisting of the suf
the feasibility of the technique for solid stat# imaging. The position of direct and stimulated echoes, with the number of cor
only previous report of'P STRAFI NMR is by Samoilenko, tributions for any one composite echo depending on the numbe
who obtained a one-dimensional STRAFI image of red phos; of pulses used after the first§). The reduction in intensity
phorus at 2.9 T and a gradient strength of 37.5 T/m. The imaggthe first echo, as the-delay is increased, is governed By

only (neglecting diffusion), but subsequent echoes have contr

! Parts of this work were presented at the 13th International NMR Meeting Q{Jtlor_]s that have sonik Chara_Cter' Thid; weighting can help
the Royal Chemical Society, Exeter, 1997. give rise to very long echo trains from the extended quadratur

?To whom correspondence should be addressed. Fax: +44 20 7882 7794sequence [903-(r—90Q,—echo—)] because of large values fdi.
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For phosphorus 40-60 s is not unusual, for example for bone. TABLE 1
Thus this normally bothersome factor becomes a positive délaxation Data for Some Solid Phosphorus Compounds at 5.58 T
with this method, since at each spatial location the echoes in and 96.25 MHz

each train may be summed to accumulate the signal in the tech;Sam o ne —_
nique of long echo-train summation (LETS). Examples of the 2™ ! 2

use of LETS have been reported recently4Dr(19), in both  Cos(POy). 498x 1076 165
liquid and solid RO, and*N (20): values ofn in excess of Ca((PQ)2 1.97 443
10,000 have been used, for which gains in the signal-to-nofagt”™ 6.15 (1""3”;6'18) igg
ratio approaching 100 can be achieved by summation, relata/ﬁdfen bone 14.7 675
to then = 1 case. Bonemeal 4.40 481
The STRAFI echoes are of the original Hahn type: they argatite (P120) 0.62 448

not dipolar (OI’ qu_adrupolar )in _nature- SO for example they aréygte The values marketiwere obtained at 121.5 MHz in the center field of
produced by liquids, and by solids for virtually any pulse anglesruker MSL 300.

and phasel8, 21, 22.

In Hahn'’s original spin-echo experiment, conducted on lig-

uids with arbitrary phase between the @ilses, the defocusing The value of 0.62 s for a sample of calcium hydroxyap-
(and refocusing) agency was the inhomogeneity of the magnediite (P120) in the table is considerably shorter and is the
field. In the dipolar solid echo, by contrast, it is the dipolar inteshortest value for the diamagnetic compounds listed. Ackerma
action that is the focusing and defocusing factor. The solid echa,al. similarly report a low value of 0.26 s for their sample at
unlike the echo in the Hahn case, requires a specific phase rél® T (6). We may note in passing that a commercial sample o
tion between the pulses: there must be afitase shift as in the calcium hydroxyapatite proved suspect since it gave very poc
quadrature sequence. The in-phase pulse sequence{d] 3P STRAFI signals.
produces no dipolar echo. In the STRAFI experiment the dom-The “homogeneous” linewidths derived from tfig values
inant interaction is the gradient, as in the original Hahn expeii the table are quite modest: the figures for the chicken bone
ment, despite the dipolar coupling. Consequently no phase sk#dtcium phosphate, and apatite are each less than 1 kHz.
between pulses is required even for solids: both the quadratgemeral the range for bone is generally between 1 and 2 kH:
and the in-phase sequences produce STRAFI ecli@&29. depending on its provenandd) (
Computer simulations using the Gamma Platform for each of Figure 1 shows the STRAFI echo train obtained from cobal-
these sequences for a dipolar solid with a 50-kHz dipolar iteus phosphate. The data shown are the real part of the signa
teraction as a function of gradient strength from 0 to 50 T/®hort quadrature pulse trains were used, each having a value
reproduce all of these featurelj.

The STRAFI echoes may be termed state echoes, following
Kimmich (23), and are independent of the spin—spin variable:

The STRAFI method is very useful for the imaging of het
erogeneous solids and liquids in solids, since the susceptibil
effects that distort conventional images are very much smal
(24).

RESULTS AND DISCUSSION

Table 1 shows the results of the measurements oftRe
relaxation time constants. There are not very large variations
T, from sample to sample: the change is only by about a faci \J f

of 3, even including the result for the paramagnetic cobaltol

phosphate. Variation dff; is somewhat larger especially for the — — S — l

cobaltous phosphate, wh|.ch has a_value approximately 100 t|_no 160 320 479 639

shorterthan any other. This behavior was expected from previc points

STRAFI studies of paramagnetic solidgl): the paramagnetism

shortens mainlyf;, and has only a small effect dn, at leastat  FIG. 1. An example of a typical STRAF$!P echo train obtained from

ambient temperatures. cobaltous phosphate. The data shown are the real part of the signal: 32 echc
Ackermanet al. report a value of 1.8 s at 4.7 T for calciumere collected over 1.28 ms at 4G intervals (pulse separation,= 20 uS)

L in.a total time of 160 s (32 averages, with a pulse delay s following each
phosphate, which is rather shorter than the value of 42 s for thgdauisition). The amplitude modulation of the echo train, with the first echo

ex vivo bone 7). The difference was exploited in relaxatiorutenuated to 3 the amplitude of the second, is characteristic of a fringe-field,
weighting experimentssj. quadrature echo signa%).
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n of 32, giving 32 echoes. Longer echo trains were not feasibMevertheless the simulation is a very good fit to the experiment:
The echoes were collected at 48-intervals over 1.28 ms. Thedata.

value fort was 20us. Thirty-two averages, with a relaxation The main feature of the modulations in intensity in the
delay between trains of 5 s, were collected in a total time etho train is the ratio of intensities of the first four echoes
160 s. (1:3/2:3/2:11/8). These simulations were reproduced and ex

Figure 2 shows a quadrature echo train obtained from a samigeded to highen by Bain and Randalll(8) who used a density
of chicken bone. The acquisition time for each train of 64 echossatrix approach for atrain of 9@ulses applied to “single” spins
was 5.12 ms, since = 40us. The total acquisition time was (again no dipole—dipole interaction), firstly in the absence of «
8.7 h (31 144 averages with a delay between trains of 1 s). Tdgradient. Relaxation was not included in the simulation. The
left-hand side of the plot (points 0-1279) shows the real part stiowed by a consideration of coherence pathways that only a si
the phased data and the right-hand side (points 1280-2559)dlepathway contributes to the first echo, whereas there are thr
imaginary part, which gives an indication of the noise level. Thaontributions to the second echo, each 0.5 times the intensity
31p density is sufficiently low in this sample that the acquisitiothat giving rise to the first echo. The relaxation of one of thes:
takes considerably longer than for the inorganic sample. In fathways is governed By alone, whereas in the others the mag-
the length of time required is at the limits of utility for imagingnetization spends some time stored alongrttvds and therefore
studies. A striking contrast between Figs. 1 and 2 is the velngs some additional contribution to its relaxation governed b
slow STRAFI decay for the bone sample: the 64th echo is sfill. There is a fourth term that contributes to the third echo. A
more than half the intensity of the maximum for the secomincreases the number of pathways and the number of conti
echo. butions to the echoes increase dramatically. The contributior

The amplitude modulation of the total decay corresponds tim every composite echo have the same sign for the quadratu
the calculations of Benson and McDonald for the quadratusequence, as in constructive interference, whereas there are s
sequencedb). They used the Bloch equations and neglectadternations for the in-phase sequence, as in destructive interfe
dipolar effects. They also demonstrated the validity of the deksace. Consequently the in-phase echo train decreases rapidly
approximation, which treats the pulses as infinitely narrow afidwith n, even though relaxation was not included in the anal
of infinite amplitude (but of finite area). Square-pulsesin the timysis. The quadrature train shows little attenuation witkince
domain, when Fourier transformed into the frequency domaimlaxation effects were not included. Addition of a gradient tc
have the form of a sinc function that has side-lobes. In the ape simulation and summation across the sensitive slice pri
proximation of a delta-function pulse there are, of course, no muced little effect, indicating again that the delta approximatior
laxation effects during the pulse and the simulated pulses affe¢$ aalid.
pure 90 rotation, which is certainly not the case experimentally. The rapid attenuation of the STRAFI echotrain in Fig. 1 there
fore may be attributed to the fact that bathand T, are short
in this paramagnetic case. Similar effects on the length of ech
trains due to paramagnetic influences in shortening relaxatic
times have been noted before, for example,?@rin CuSQ,.
5D,0 (19).

Figure 3 shows a more extended quadrature echo train
8192 echoes obtained from a solid sample of ammonium he;
afluorophosphate, NHPF;. These echoes were collected over
360 ms at 44us intervals £ =22 us) The total acquisition
time for the 512 averages made was 46 min with a delay be
tween trains again set to 5 s. The final echo amplitude i
the real part of the signal (points 0-@B9) is significantly
greater than the noise level shown in the imaginary part (point
61,440-122879).

0 640 1280 1919 2559 P Primary Hahn Echoes

points _ ,
Use of the STRAFI technique showed that primary Hahn (ol

FIG. 2. An echo train obtained from a sample of splintered chicken bongnultiple-spin) echoes could be produced easily by solids of a
which had been loosely packed into a 5-mm NMR tube. The train consiststgfpes @6). This phenomenon is the production of many echoe:

64 echoes acquired over 5.12 ms= 40 us). The total acquisition time was from the application obnly two pulses. We have successfully
8.7 h (31,144 averages with a pulse delay of 1 s). The left-hand side of the plot

. -
(points 0—1279) shows the real part of the phased data and the right-hand %%ted for this effect fo?'P in NH,PFs. The number of echoes

(points 1280-2559) the imaginary part, which gives an indication of the noitdat could be produced, however, was less than 8 for mode
level. accumulationtimes. The second echo had anintensity only abo
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produce slice selection. We have calculated that with the expe
imental conditions we use, the gradient-selected slice is muc
narrower than the slice determined by the spin lock.

In order to account for the form of the decay of the echo train
in the STRAFI experiment we may be tempted to invoke the
delta approximation and neglect off-resonance effects acros
the slice. In this case the tip angle does not vary with posi
tion across the slice and we may expect a decay of the ect
tops that reflects a single relaxation time that approximate
to Tlp-

In fact we know that the tip angle changes markedly acros:
the slice as witnessed by the observation of primary Hahi
— . . — —— echoes. Rhimet al. (34, 39 established that spin-locking
0 24576 49152 73727 98303 122879 can occur with any tip angley, with the multiple-pulse train

points [ox—(z—xy—eCho—)]. In fact longer echo trains were produced
for « =45 than fora =90°, although of course the initial

FIG.3. The extended echo train obtained from ammonium hexaﬂuorophoﬁ]-agne,[izatiOn was less. Using this model we may expect an e:

phate. As many as 8192 echoes were collected over 360 msa #tervals tiallv d . ho train f h ition in the sli
(r =22 us). The total acquisition time for 512 averages was 46 min with the rLonentially decaying echo train rogach position In the slice

laxation delay setto 5 s. The echo amplitude in the real part of the signal (poiHR€ initial magnetization and the time constant varying with posi-
0-61,439) is significantly greater than the noise level (shown in the imagindipn as the tip angle changes. In this case we expect the observ

part, points 61,440-122,879), even after 360 ms of acquisition. echo train to be the sum of many different exponentials. Ou
results show that the STRAFI decay is not a single exponentia

4% of the first. We may therefore discount this mechanism as dA_‘n glternanve or paralle_l idea for long tral_ns Is te-
(?lghtmg hypothesis resulting from the analysis of the coher

ignifi i f th I h i o .
isr:gSé_llc_:gnt contributory cause of the very long echo trains usévnce pathwaysl@). This is supported by the empirical obser-

The phenomenon is caused by the dipolar field, which pr}@t.ion that samples with lori§y values give long STRAFI echo

duces nonlinear effects, because of the breakdown of the hi RunS.

temperature approximation: the induced field cannot be ne_IUnf?_rtune;tterthte_zre arf;_?szKg:'Shid stlm_ulatlons sg Lar .OftIhE
glected relative to the Zeeman field. relaxation attenuation o echo trains caused by inclu

After the first pulse there is a variation of the tip angle alon on of relaxation times in the treatment.
the gradient direction, and if relaxation is occurring during the
pulse there will also be a phase variation. In the vector modadng Echo-Train Summation
the magnetization in the rotating frame consists of an evolving
spiral, the pitch of which changes with time. The evolution is re-

versed by the application of the second pulse and the modulatfgﬁ 5|ghnal-to-n0|ste rat;]qsh('?re drelfit'\sly pgg.rt’. andl ':netr? ns of sig
along thez axis gives the multiple echoez, 28. nal enhancement are highly desirable, additional to the convel

tional accumulation of echo trains. It has always been normal i
STRAFI imaging to sum the tops of echoes in each echo trair
Rarely, however, has it been the practice to record and sum mo
Long echo trains are not new in the NMR spectroscopy tfian about 32 echoes in any one train.
solids when the quadrature sequence is used with many pulse3he realization that very long echo traimsx 1000) could be
This is the spin-lock sequence that was observed first in 196aused came first with the STRAFI-work on deuteriut®)and
give line narrowing of dipolar solids by both the Waugh groughe *'P work now presented here. The phenomenon, though, |
(29) and the group of MansfielB(). Subsequent report81— quite general and occurs even for the quadrupolar nuéfide
33) worked out the detailed theory. In the limit of very smalfor which large electric quadrupole couplings may be presen
7 values the decay of the echo train approximate3;to the (20). Early STRAFI work on''B (36) has now been extended
relaxation time in the rotating frame. Many echoes, over 200@, include very large values of (37).
were observed. Figure 4 illustrates the utility of the method, now referred to
We may by analogy, therefore, use the idea of spin-lockireg LETS for*'P. It shows a one-dimensional profile of a sample
in the STRAFI experiment to account for the long echo traind ammonium hexafluorophosphate contained in a cylindrica
obtained even in the presence of a large gradient. In other woN¥IR tube of 5 mm diameter. The probe was lowered manually
the large gradient has the effect of selecting a slice but does imothe field gradient in crude steps of 0.35 mm through the ser
interfere with the spin-lock possibility. Incidentally Kimmichsitive slice. At each position 64 echo trains were summed witl
(23) has shown that the spin-lock conditions may be used #orelaxation delay between trains of 5 s. The acquisition time

Because of the large bandwidths in imaging work on solids

Spin Locking and TWeighting
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T, values are not very short for the phosphorus compounds w
have investigated.

It appears that LETS is a strategy that can be applied adva
tageously in studies of bone. The occurrence of long echo trair
for chicken bone is shown in Fig. 5. As many as 4096 echoe
were acquired over 180 ms & 22 us). The total acquisition
time was 1.28 h (891 averages with a delay between pulse trai
of 5s). The echo amplitude after 180 ms is a significantly greate
proportion of the initial signal level for the chicken bone than
for the ammonium hexafluoride sample in Fig. 3 (0.27 vs 0.13)

o ©

magnhetisation
/arbitrary units

o

1
(=}
[

2 3 4 5 Double Resonance

(=
(=

position / mm The aim of the double-resonance studies was to determir

FIG. 4. A profile of a 5-mm NMR tube packed with ammonium hexafiu.cONditions under which signal enhancement could be obtaine

orophosphate. The probe was lowered manually, in steps of 0.35 mm, throdgR€l'€ are no reports of similar'atte.mpt's in STRAFl experiments
the sensitive slice. At each position, an echo train like that shown in Fig. 3, waiccessfulH-31P cross-polarization imaging experiments on

collected, but the number of signal averages were reduced to 64, bringing gleicken bone at 6.0 T in modest gradientSlOO G/cm) have

acquisition time at each position down to 5.7 min. The RF pulses had a duratig@en reported by the Ackerman group, which gave time-saving
of 3.5 us, which excited a 0.28-mm (277-kHz) slice. Some of the 8192 echoBS ' h
y about a factor of about 2@,

were then summed to give a single echo-envelope representative®3Pthig- . .
nal available at that position. Four such echo sums are shown at each positiofMMonium hexafluorophosphate was the main sample use
in the profile, resulting from summation of the first 8192, 4096, 2048, and 104 this part of our study. It was chosen as a favorable model con
echoes in the train (top to bottom). pound because the close proximity of the two types of nucleu:
19F and®'P, ensures a larger dipolar interaction than'the®!P
interaction in bone+{1-2 kHz). The P—F internuclear distance

for each slice was 5.7 min. Each puise had a duration 08,5 is, 1.58A, which yields a dipolar interaction of about 12 kHz.

which excited a slice of width 0.29 mm. The frequency spreem fact one may expect some line narrowing because of rotatio

across the slice is 277 kHz. Fro”f' tﬁg_value in Table 1 we IQIf the Pk anion. The indirect coupling is reported to be 743
may calculate the homogeneous linewidth as less than 1.5 k1 'Hz (38)

so that we may neglect the linewidth effect on the resolution. In general double-resonance experiments require the matc

Bettgr spatial resoluti'on could of course be accomplished'by {% of the two frequencies that here are for PeancF2P transi-
duction of the step-size and lengthening the pulse durat'on't'ons. In STRAFI this requires that the two sensitive planes (ex

resolution of better than 1G0m s thus feasible. cifed slices) overlap. This may be attained by adjustment of th

Some of the 8192 echoe§ were then. summed_ to give a SN fregencies. Itis also desirable that the two slice thicknesse
echo-envelope representative of B signal available at that

position. Four such echo sums are shown in Fig. 4 at each of the
12 positions resulting from summation of the first 1024, 204¢
4096, and 8192 echoes in the train respectively (from bottom |
top). l

Itis clearly apparent that the use of LETS gives a pronounce gl
enhancement. Relative to the signals for the bottom set wi Jii
1024 echoes, the signals for the three other values give
enhancements that are approximately Q/i5

One strategy in conventional STRAFI imaging is to acquir
one echotrain at each position, translate the sample, and accul
late subsequent averages on subsequent passes through the
ple positions. This interleaving allows spin—lattice relaxation fo ST
any one slice to occur during the sample motion, which is no
mally slow, about 1 s, for a complete pass of a few millimeters————— — T T
The idea is to avoid lengthy relaxation delays. Because of tl0 12288 24576_ 36863 49151 61439
long T values for many solids, such as bone, for whighmay points
be aslong as 60 s, this is not a viable strategy. The LETS method _ _ o

. . . . .. EIG. 5. Long echo trains from chicken bone. The real part of the signal is

prowdes an advantageous alternative, since it makes a mengr?ﬁw left and the imaginary part is on the right. In each train 4096 echoes we

the |0nngva|U_es- Moreover si_gnal loss dL_JeTQ_ ff)r example, acquired over 180 mg (= 22 ms). There were 891 averages with a relaxation
between the first two pulses is not a major difficulty since thlay between trains of 5 s. The total acquisition time was 1.28 h.
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should be the same. This condition may be met by adjustmeni®fparticularly important if there are paramagnetic or metallic
the powers of the two Rfs. Relative to the spectroscopic situatiagnters in the phantom.
whereG = 0, one degree of freedom has been lost. The large gradients also improve the spatial resolution in pro
The envelope of the decay of the echo amplitude in portiontoG. This factor is particularly welcome for samples that
fringe-field 3'P long echo train may be represented approxave small values df, since these require the use of short echa
mately by a single exponential decay plus a constant to dtnes, which reduce the resolution: a higher gradient can off
count for an effect analogous to spin-locking. In the caset this disadvantage. In addition, a constant gradient techniqt
wheret =30 us and 256 echoes were collected, a typical dsuch as STRAFI does not suffer from the time wasted waiting
cay time constant, which probably lies somewhere betwetor the decay of eddy currents in switched gradient experiments
T, and Ty, is 4.09 ms. The amplitude of the constant com- Crystalline samples are accessible by STRAFI NMR, which
prises 21% of the total initial signal amplitude. An echo trainan deal with very short relaxation times, shorter than thos
collected after'®F presaturation shows an initial decay conaccessible by other MRI techniques. For samples with longe
stant of 4.02 ms and the constant is 22% of the total initidh values the spatial resolution may be improved by the use ©
signal amplitude. The total signal amplitude is increased lignger values fot than those used here.
26%. Phosphorus STRAFI techniques therefore are potentially use
In an experiment in which simultaneous quadrature eclfa in a number of areas, additional to the study of bone and bon
trains were applied to boffF and®'P, the envelope may againmarrow, such as implants and dental materials, and for enviror
be represented by a single exponential decay plus an offsental studies involving phosphorus in soils and rocks. The!
(r =30us, 256 echoes were collected). Wi =0, the de- may, however, be restricted to studies in one dimension becau:
cay time constant is 3.71 ms and the constant comprises 16#the time factor.
of the total initial signal amplitude. Under the Hartmann—Hahn
condition, the decay time is 3.35 ms, but the constant accounts EXPERIMENTAL
for only 7.3% of the total amplitude. There is a 16% increase
in total initial signal amplitude. These effects uponiH@ echo  The spectrometer was a Chemical Magnetics Infinity Syster
train are canceled if the frequency of tfie excitation is moved (Varian U.K., Solid State Office, Harrogate, U.K.) with a Mag-
sufficiently far (7 MHz) off resonance. nex superconducting solenoid of central field 9.4 T (Magnex Sci
It is clear that the presaturation method gives the more fantific Limited, Oxfordshire, UK). The stray field utilized was
vorable result, for use in conjunction with the LETS approacin the region of 5.58 T for which th&'P resonance frequency
Although the gains are modest so far, they are nevertheless wsas 96.25 MHz and thH frequency 237.5 MHz. The STRAFI
ful if employed together with LETS. The use of other doublegradient strength was 58 T/m. The STRAFI probe-assembl
resonance methods failed to produce any change iftthsig- consisted of a Bruker CXP 200 probe with a homebuilt horizon-

nal, at least in our hands. tal solenoid and sampling positioning assembly. The horizonte
coil was of length 18 mm with an internal diameter of 5 mm and
CONCLUSIONS 14 space-wound turns.

Samples studied include cobaltous phosphatey(FIay); -

LETS is a practical and easily implemented strategy for ttf8H,0, calcium phosphate, g@@0;),, ammonium hexafluo-
enhancement of'P signals in bone and other phosphorusephosphate, NiPFs, bone meal (ingredients listed included
containing solids. Considerable reductions in imaging timé$7% P,Os"), chicken bone, and two samples of calcium
should be possible with its adoption. For example Samoilenkdigdroyapatite, CAPO,)s- Ca(OH), a commercial sample
31p 1D STRAFI projectiong), which took less than 1.5 h, was(Aldrich) and one synthesied by Dr. Isaac Abraham (P120). Th
accomplished with only 48 echoes in each echo train. LET#®ne was splintered into small slivers, whereas the other solic
could reduce this time by a factor of at least 10 to say 10 miwere used as powders. Samples were packed in NMR tubes
Extension of the dimensionality from 1D to 3D might be fea5 mm diameter cut down to about 20 mm in length.
sible. In this case Samoilenko’s sample of red phosphorus is ofThe extended quadrature sequence,{§6-9G,—echo-)],
course particularly favorable in terms of nuclear density—bomeas used to produce long echo trains. The delay between trai
is less favorable in this regard. Thevalues of red phosphorusgenerally was on the order @i or less, and acquisitions were,
and many bones are comparably long. therefore, performed under a steady state regime. Calibratic

Although the enhancements resulting from saturation of tioé the tip angle was accomplished with the in-phase sequenc
19F transitions are modest, they are nevertheless useful in cf#0;—(—9Q—echo—)], which produces Rabi-like alternation of
junction with the LETS technique. echo-intensities39) or by measurement of the ratio of echo

One great advantage of the STRAFI method for the imaginglegights in the quadrature sequen2g)(
inhomogeneous solids is that the magnetic susceptibility effectRelaxation measurements in STRAFI experiments were b
that distort conventional NMR images are very much smalléne saturation recovery technique for, with saturation be-
because of the large size ofthe STRAFI gradients ua®dThis ing accomplished by a series of 90 pulses with decreasin
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separationT, was measured by observation of the intensity dP. P. J. McDonaldProg. NMR30,69-99 (1997).
the first echo ag was increased in the quadrature sequencd. P. J. McDonald and B. Newlin®Repts. Prog. Phy$1,1441-1493 (1998).
Other 31P relaxation measurements were made at the centtalE. W. Randalljn “Encyclopaedia of Spectroscopy and Spectrometry” (J. C.
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