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A new type of contrast called dipolar contrast is obtained by a  of nonnegligible dipolar interactions, the last two categories «
decrease in the dipolar line broadening of protons. This contrastis  protons behave as in the solid state. “Structural” protons of
usable for dense tissue NMR imaging and more generally for the  tissye can generally be studied using an indirect observati
study_of dipolar Iinked_ protons in biolggical tiss_ues. The sequence method like magnetization transfer (MT). In the case a
used is based on a variant of the Magic Sandwich Echoes (MSE) -« ,n 4 protons, while they are still relatively short, the trans
technique. In vitro experiments on a tendon sample are used to . -
reinforce the image intensity of regions where the direct proton ve.rs-e relaxation t!mes are.too Ion@z(.> 1 ms) to ?IIOW an
dipolar interaction exists. © 2000 Academic Press efﬁuent MT that is then hidden by direct saturauon_ meghe

Key Words: dipolar interaction; dipolar contrast; MSE; dense  NiSMs €). On the other hand, the transverse relaxation time
tissues imaging; tendon; linked protons. are too short and do not provide adequate signal or shc
traditional effects inT, contrast images. To overcome this
difficulty, a new type of contrast mechanism called dipola

Magnetic resonance imaging (MRI) studies of articular p&ontrast is proposed and it may be performed especially wh
thologies are usually realized using standard contrast typdsnse tissues showing dipolar interactions are imaged. T
With tendon, proton density and relaxation time based contrapolar interaction between two nuclei is given by
strategies are not well suited to anatomical observations of
such tissues with low water content and short relaxation times.

Using T, weighted imaging, the signal in such tissues appears 1— 3 coso

hypointense compared to the signal of the IGngeighboring p=K s (Blidz = 117 12), [1]
components (such as muscular structures, dipid); conse-

quently an accurate depiction of internal variations in tissue

signal may be difficult to achieve. where the constark depends on the units usdd,and|, are
In tissues like tendon and cartilage there are protons in thrgg magnetic moments of the considered protons,landnd
different states X): I,, are their respective projection along the static magnetic fie

« The “free” protons characterized by “long” transvers@Xis- In Eq. [1]r represents the distance between the protol
relaxation times of several tens of milliseconds. and# is the angle between the line joining the protons and tt

« The “bound” protons having “short” transverse relaxatiofirection of the static field. The i7 factor restricts the range
times on the order of a few milliseconds. of the dipolar interaction to near neighbor protons and tt

« The “structural’ protons with “very short” transverse rePresence of the (1-3 ct® factor induces a spatial anisotropy

laxation times less than one millisecond (macromolecul® this interaction. For liquid-like protons the effect of the
present in all tissues). dipolar interaction on transverse relaxation is usually neglect

because random molecular motion creates a zero avera

The first category of protons can be observed by classigaleraction. In solid-like protons the molecular motion is slow
sequences (spin echoes, gradient echoes). Due to the presgfic@orrelation times are long, and generally the dipolar inte
action cannot be averaged to zero. Consequently, the dipc

' This work was partially presented at the 7th International Society ¢fiteraction becomes a major cause of nuclear magnetic re:
Magnetic Resonance in Medicine Meeting, Philadelphia, 22—-28 May 1999nanCe signal coherence loss in tissues having populations

>0On leave of the Department of Physics, University Babes-Boly . h
Kogalniceanu 1-3, 3400 Cluj Napoca (Romania). Bound protons. The presence of this interaction has be

3To whom correspondence should be addressed. E-mail: briguet@urf€arly demonstrated by Fullerta al. (3) and Dunnet al. (4)
lyonZ.fr. for tissues like cartilage and tendon, respectively. For tendt
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tissues, Petcet al. (5) proposed to decompose the proton a

population in four categories: @2 2y 1GAF (w2)y  Echo
e Protocollagen protons: they are axially organized and they RF I\ l (\
form the protofibrils of collagen; they are also characterized by >
a very shortT, value. Gradieat [——] E——
e Protons of interstitial water: the water molecules inside Signal phase o ITTTToom s —
the collagen macromolecule pool are linked to them by hydro- 4
gen bounds. Their motions are restricted to rotations aroundthe p
bounding direction. Such viscous liquid-like protons are also o2, W2 AGIP (w2), Echo
characterized by very shoft, values. I\
e The protons of the tropocollagen hydration layers that are RF | R
characterized by relatively long, values. Gradient ——] .
e The protons of the free water between the collagen pro- P
tofibrils and fibrils: such protons have a relatively loiig Signal phase e ——————————— = >

value in spite of the presence of the macromolecules that

impose some motion restrictions and lead to interaction anisotFIG. 1. MSE sequence with spatial encoding of the signal. (a) IGAF
ropy. sequence: the sign of the gradient is kept invariant while the phase of t
(m/2), pulse is alternated. (b) AGIP sequence: in this enhanced MSE s

In the case of a vast organized macromolecular structure ligignce, the gradient is alternated while the phase of##&)( pulse is kept

a collagen fiber of tendon or cartilage, the dipolar interactidnvariant.
can be affected by the macroscopic reorientation of the sample
with respect to the direction of the magnetic static field. It ie signal and also to acquire images of materials characteri:
thus possible to induce an overall protbpvariation. Fullerton by protonT, shorter than 10Qus. The spatial encoding possi
showed B) that tendons demonstrate an important increasehilities of MSE have been investigated by Denetal. (11) in
the signal in function of the macroscopic orientation of ththe case of a pure phase spatial encoding of the signal and &
sample, even for already relatively lofig componentsT, > by Matsui @, 12—15 who used “reconstructed” free induction
20 ms). This indicates that dipolar interaction can be nonnedecay signal (Figs. 1a and 1b). Figure 1a represents the origi
ligible even for biological tissues characterized by relativelyISE imaging sequence where the sign of the amplitude of tf
long transverse relaxation time. applied gradient is kept invariant during the experiment whil
Solid state MRI techniques such as Magic Sandwich Ecliioe phase of thef/2), pulse is alternated. The sequence i
(MSE) imaging 6) can be used to solve the problem of signakferred to as IGAP for (invariant gradient, alternated phase
coherence loss due to dipolar coupling and to perform imagegure 1b shows an enhanced version of the MSE sequer
of materials with very shorT, relaxation times. The principle proposed by Matsuil@). The replacement of the finatr(2)_,
of the MSE technique is to apply a continuous radiofrequenpylse by a ¢/2), = (w/2)_, + (), pulse improves the
excitation (burst) to the sample during the preparation periagfocusing of the signal and the sign exchange of the appli
The applied radiofrequency field must be greater than theadient permits the spatial encoding of the signal phase. T
dipolar interaction in the sampl&,(8). A consequence of this sequence is referred as AGIP for (alternated gradient, invari
continuous pulse application is to induce a magnetization “nphase) experiment. These two kinds of spatial encoding <
tation” around the effective field axis. An accurate choice @fuences solve the problem of the limitation of the spatic
the frequency and a particular phase value of the appliegsolution due to the linewidth broadening encountered in sol
radiofrequency pulse permit one to set this effective field axétate imaging as depicted by Emitief. The major drawback
at any desired value. Using Eq. [1] it may be pointed out thaf a pure phase encoding method lays in the necessity
changing this axis angle can change the value of the dipofsrform a point by point acquisition of the Fourier space. Fc
interaction (this kind of experiment is very similar to magi@ given repetition timd s, the acquisition time of al by N
angle spinning but instead of imposing the high-speed rotatipixel image isN? Tr. The sequence using “pure” phase spati
of the sample around a magic angle tilted rotation axis, tle@coding is time consuming and the energy deposition is ratt
transformation is implemented in the observation frame). Séarge. The method described by Matsui is faster because it u:
ting this RF angle to orientations perpendicular to the statictrain of MSE but the number of points collected by a sing|
field sets the dipolar interaction equal to the opposite of its hatho train is still not very important (less than 64). The acqu
value in the laboratory frame9(10. Consequently, using sition time is prohibitively large for clinical applications; con-
accurate timing of the pulse duration makes it possible sequently, the applicability of these sequences for dense tis:
generate a spin echo amplitude that is independent of fheaging is very limited. However, even if there are large
dipolar interaction. Combining the MSE sequence with phas@olar interactions, some components of dense tissues are
gradient encoding permits one to obtain a spatial encodingaifaracterized by relatively long transverse relaxation tiriigs (
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a subtraction of a spin echo image to a MSE image leads to t
®2x  (72) AGAP (n/2)., Echo . . . h .
suppression of signal in these tissues. For dense tissues the .

- h \ echo techniques do not refocus the dipolar interactions and 1
I N rapid coherence loss of the signal leads to a low intensi
Gradient =] . signal. On the other hand, the MSE imaging sequence pern
= a complete refocusing of the dipolar interaction and the sign
repge—-—— = issuing from the dense tissues appears far more important tt
the signal of the spin echo image. By subtracting the spin ecl
b image from the MSE image one may observe hyperinten
@2 @2, et (2 Beho regions where the dipolar interaction is the dominant intera

oF I\ tion process. Another effect of the subtraction is to operate
> very efficient longT, component suppression. Experiments

Gradient [—— == were done wih a 2 T Oxford magnet driven by a SMIS
____________________ > SURREY Il console. The maximum intensity for the magneti

Signal phase — !

field gradients was 50 mT/m. We used an IGIP MSE sequen

FIG. 2. MSE sequence modified for the spatial encoding of “quasi-solicfOr efficient Slgnal refocusmg. Accordlng to referencesg)
materials. (a) MSE sequence with the sign of the applied gradient alternatB@ (217) ., pulses could be decomposed to a succession
and the sign of thest/ 2), phase alternated (AGAP). This sequence is formallyr—7r _, pulses, this technique reducing the spurious effects

equivalent to a gradient echo sequence with dipolar refocusing ability. (b) M$ke radiofrequency amp”tude variations. The images were pr
sequence With the sign of_the gradient_invariant and t‘he sign ofﬂhé)( Euced using a sample of beef Achilles tendon. The ang
phase invariant (IGIP). This sequence is formally equivalent to a spin echo . .
sequence enhanced by a dipolar interaction refocusing ability. e_tween the static field and the tendon fiber was set to zero.
this angle value, the mean value of protopwas evaluated
using a CPMG experiment and it was found to be equal ta: 20
of about a millisecond to a few tens of milliseconds). Theskems. Figure 4a was obtained using a spin echo sequénce (
components can be imaged using the classical “read” gradieb@sms, T = 2000 ms). The field of view is 2.5 by 2.5 square
(2, 17). The shortesT, we can accurately image this way is orcm and the slice is 3 mm thick. One may notice the intens
the order of the acquisition time of the signal8). This signal from lipids surrounding the tendon in contrast with th
property permits one to establish two new kinds of MSEendon signal itself, which is rather weak. Figure 4b wa
imaging sequences: the AGAP and IGIP sequences that coobtained using the IGIP MSE imaging sequente € 20 ms
spond to (alternated gradient, alternated phase) and (invariantl T, = 2000 ms, the burst pulse was decomposed into
gradient, invariant phase), respectively (Figs. 2a and 2b, setccession of 10r., sub-pulses of 1.333 ms). A significant
spectively). Since, independently of the amplitude of the ap-
plied gradient, the phase of the signal is zero at the echo time,
the two former sequences, AGAP and IGIP, cannot be used tc  Laadiks G
obtain a pure phase spatial encoding. For the same reason the gyipgene L Quasisolid tissues
cannot be used to obtain a “reconstructed” FID. However, -
notice that the IGIP sequence is formally identical to a spin |
echo experiment enhanced by a dipolar interaction refocusing|
property and that the AGAP experiment is equivalent to a
dipolar interaction refocusing gradient echo. If the transverse
relaxation time of the observed tissue is not very short (asis in
the case for tendon and cartilage) the IGIP and AGAP se-
quences can be used with traditional “Read,” “Phase,” and msg
“Slice” gradients to generate dipolar interaction free images. j  —fF=———
The time needed to perform Id X N pixels image drops
approximately toNTg.

To observe a change in the dipolar interaction on the image,
one may proceed in two steps: first, a dipolar interaction freegig. 3. comparison of a classical spin echo sequence and an MS
proton image is obtained using a MSE imaging sequenc@aging sequence: For liquid-like tissues, there is no dipolar interaction ai
second, a spin echo reference image has to be subtracted feepgequently, at the echo time, the signal refocusing is the same using a <
the first one in order to produce a “dipolar contrast’ imagé?ho or MSE sequence. For quasi-solid tissues the refocusing of the dipc

eraction permits to obtain an important increase of the signal amplituc
Consequently the IGIP and AGAP sequences can be usecﬂ)&lﬁapared to the spin echo experiment. In Figs. 1, 2, and 3, the usua) (2

enhance the signal coming from dense tissues (Fig. 3). Flses (long rectangular radiofrequency RF pulses) were replaced by trains
liquid-like tissues, the dipolar interaction is negligible thus the,—=_, pulses.
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= dipolar contrasted images; this new contrast weighting is we
Fibrgblast suited for the study of dense tissues and it can be generaliz
to materials where nonnegligible dipolar interactions ar
present. This contrast can be used to exhibit all the regio
where aqueous protons are sufficiently linked to macromol
cules which inhibit the averaging of the dipolar interaction t
zero. Another advantage of the use of the proposed sequen
Endotendon is their efficiency for “longT,” signal suppression: the longer
the T,, the weaker dipolar interactions are and then the bett
signal suppression is. While classical sequences are only a
e _ to provide proton density images of hard tissues, this new Kir
Peritendon of contrast provides additional information on their macromc

lecular content via NMR imaging.
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