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In this work, we present the first triple quantum filtered (TQF) MQF sodium NMR may be used to probe the structural integ
sodium MR images of the human knee joint in vivo. A 3D TQF ity of cartilage.
data set of 16 slices was obtained in 20 min using a TQF pulse  Recently, we have been able to obtain single quantum s
sequence preencoded to a twisted projection imaging readout. dium images from cartilage boih vitro andin vivo (5) and
Images clearly demarcate patellar cartilage and also demonstrate triple quantum filtered (TQF) sodium imagés vitro (11)
fluid signal suppressed by the triple quantum filter. Biexponential TQF NMR can be exploited to image sodium in slow moti.ona
transverse relaxation times were calculated by fitting the TQF free . f the ti d di . | f
induction decay to a theoretical signal expression. The average enylronments of the _tlssge an §uppress 39_ |.um signal Tra
values from three healthy volunteers were T %, = 9.59 + 0.35 ms fluids, thereby potentially increasing its sensitivity to the mac

and T%. = 0.84 = 0.06 ms. Application of TQF imaging in romolecular changes in the tissue.
biological tissues is discussed. © 1999 Academic Press In this work, we demonstrate, for the first time, the feasibil

Key Words: sodium; cartilage; multiple quantum filter; MRI. ity of obtainingin vivo sodium TQF MR images of articular
cartilage from the human knee. A TQF-prepared twisted prc
jection imaging (TPI) sequencd?) was employed to obtain
INTRODUCTION TQF sodium images of the knee joint from three norma
volunteers. A standard TPI sequence (without TQF preenco

In the human skeletal system, cartilage performs the impdg) was employed to obtain single quantum sodium MF
tant function of facilitating joint movement and distributingmages. Sodium images were compared with reference prot
mechanical load. Osteoarthritis (OA), a progressive disease®fges obtained with a standard spoiled gradient-echo imagi
cartilage, can cause severe disability by impeding normal jofequence. We also determined sodium transverse relaxat
function. It is estimated that over 40 million people suffer froffimes from the biexponential fit of the TQF time domain signal
this debilitating disease in the United States alohe (vhile ~Further optimizations to improve signal-to-noise ratio and im
therapeutic modalities exist, they are generally useful in @€ resolution are discussed.
early stages of the disease. Early diagnosis would allow effi-
cient therapeutic intervention to halt the progress of the dis- THEORY
ease.

The major components of the extracellular matrix of carti- Jaccarcet al. (13) and Pekar and Leigt6) have developed
lage are proteoglycans (PG), collagen, and water. The edithe theory of how incomplete averaging of a quadrupole Han
stage of OA is primarily associated with a loss of PG anittonian over the relevant time scales leads to multiple quantul
changes in water conter2,(3). Although conventional proton coherences and multiexponential relaxation for spin-3/2 nucle
MRI provides high-resolution images of cartilage, it is notlere we briefly review some of the relevant concepts ¢
sensitive to early changes in cartilage degenerati)nRe- biexponential transverse relaxation of sodium nuclei in th
cently, sodium MR has been shown to be useful in measuripgesence of quadrupolar interaction.

PG changes in cartilag®)( Furthermore, sodium in cartilage In the case of sodium ions undergoing fast isotropic motior
is under the influence of a nonisotropically or incompletelthe quadrupolar interaction is averaged to zero and the thr
averaged quadrupolar interaction, which leads to biexponensaigle quantum transitions are degenerate. Sodium nuclei €
relaxation rates and the generation of multiple quantum cohéibit biexponential relaxation rates in biological tissurg’ is
ences. Several authors have studied sodium in biological tike relaxation rate associated with the two outer transitions al
sues using multiple quantum filtered (MQF) NMB+10. R is the rate for the inner transition. In the extreme narrowins
MQF NMR signal is more sensitive to the macromolecularondition . < 1, wherer, is the correlation time describing
content and arrangement in the extracellular matrix. Therefasetropic motion and is the Larmor precession frequency) the
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TQF pre-encoding TPI sequence director frame andy,, is the angle between the local director

FIG. 1. Pulse sequence for triple quantum filtered magnetization prepargg]d the static magnetic erICBO'

TPIimaging. The RF phase, was stepped through the values: 30°, 90°, 150°, £duation [1] shows that the.quadrUpmar interaction fre
210°, 270°, and 330°. Preparation timewas set tor,ma (Eq. [4]) for each quency affects the fast relaxation component of the NMI

subject. The evolution time), was fixed at 40Qus. signal. Therefore, to compute relaxation rates accurately, ol
must determiney, in cartilage. This poses an intractable prob-
lem duringin vivo imaging. Cartilage, like most biological
tissues, is heterogeneous in nature and therefore the orientat

two decay rates are equal. The correlation time reflects t§ethe local directors can assume different values. This is als

rotational motion modified by the chemical exchange that theie if the entire cartilage is molecularly homogeneous. The ni
sodium ions experience in cartilage. But if the motion is slovesult is an unknown distribution ab, values for a given

(w7, = 1), as is the case of sodium nuclei in the presence sdmple of cartilage. In order to overcome this problem, w

large PG and collagen macromolecules in cartilage, the ta@esume transverse relaxation ratg,. and Ry, which are

rates will be different. In this regime, NMR relaxation createthe residual quadrupolar interaction weightBéd’ and R

multiple quantum coherences that can be detected by using tates, respectivelylg). Therefore, for a small evolution time

appropriate multiple quantum filtei6(14). Triple quantum (8), Eg. [1] can be simplified to

filtered NMR provides information about sodium in cartilage

undergoing slow motions. S(7, t) o« (e Fes — g Ream) (g~ Rensd — @~Reml) - [3]

The TQF signal intensity for a single spin-3/2 system as a

function of preparation timerf and detection timetf is given From Eq. [3], one can deduce that there will be a value c

by (10, 11, 13, 1p preparation time ) for which a maximum signal amplitude
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FIG. 2. In vivo sodium (A) single quantum and (B) TQF axial MR images across the human knee of a healthy 27-year-old male volunteer. C
corresponding proton image of the same location. In the single quantum image (A), the arrow indicates an artery, which is not visible in the TQJ ima
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Single quantum sodium images were obtained by turning o
the TQF pulses and using only the TPl segment of the pul:
sequence. In this case, the effective delay time between ex
tation and detection was 40@s. We also collected proton
images using an SPGR sequence for comparison.

In the TPI sequence, the coverageks$pace starts at the
center, moving along a radial line on the surface of concentr
cones up to a fractiop (p < 1) of K., the largest spatial
frequency value used in image reconstruction. At this point, th
trajectory evolution is such that the sample density is mair
tained untilK .., is reached. The two main advantages of thi:
sequence are that (1) it provides high SNR (due to near unifor
sample density througholitspace) and (2) it covells-space
with a smaller number of projections than projection recon
struction for the same resolution. Therefore, TPI requires re
duced experiment time compared to conventional projectic
reconstruction. Furthermore, the TPI sequence allows the u
of different echo times. The signal at the centekefpace is

FIG. 3. Intensity profile of sodium images along a line through thalirectly related to the average intensity of the image. Therefol
femoral condyle cartilage (shown on the image) shown in Figs. 2A and Zg.very short TE will lead to poor SNR since the TQF signal i

SNR was 16 for single quantum images (NEX 4) and the 8 for triple
quantum images (NEX 7).

will occur. During imaging, we set the value af to this
optimum evolution time%,,m,) Which can be determined from
the relaxation ratesl() according to the equation
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zero att = 0 and reaches a maximum &t~ 3 ms. The
acquisition of the signal starts at the centerke$pace and
therefore the echo time (TE) was chosen to coincide with th
maximum of the TQF signal (which occurs @f,m). The
evolution time of §) was kept as short as possible (4@§). In
order to obtain the maximum TQF signal, the preparation tim
() was also set t@,yima. The FOV was 20X 20 cm, resulting

in a voxel volume of 0.5 cc. TE/TR= 3.2/100 ms and seven
averages were used. Total TQF imaging time for each 3D da
set was~20 min. Sodium single quantum images were ob
tained with the following imaging parameters: FOV was>20

In our experiment, we calculated the relaxation rates &0 cm, with a voxel volume of 0.06 cc. TE/TR 0.4/100 ms
acquiring a TQF FID for an arbitrary preparation time. We theand four averages were used. Total imaging time for each 3
calculated ther,yna to be used during imaging. Since wedata set was-10 min.
calculated the relaxation times from the FID, we actually Proton MRI was performed, using the same coil, immedi
obtainedR%,.. andR%,, the relaxation rates in the presence ddtely following sodium imaging. We used a spoiled gradient

inhomogeneity.

METHODS

All data acquisitions were performed on a 3.0-T whole-bod
scanner equipped with broad band circuitry (General Electri
Medical Systems, Milwaukee, WI). A dual-tunetH¢*Na),
dual quadrature, 16-pole, 24-cm inner diameter birdcage c&il
(17) was used to transmit and receive. E

We imaged three normal volunteers’ knees using a threg-
pulse TQF magnetization prepared (Fig. 1) twisted projecti0§1
imaging sequencelB). The typical length of the hard RFS
pulses was 50Qus. Before imaging, the optimal preparatiorf‘
time (7opima) Was calculated in the following way. A TQF FID
was obtained for an arbitrary preparation timeThe FID was
fit to Eq‘ [3] to _determmeRg“se and Rgfa"' the tra_n_sverse FIG. 4. Sodium TQF free induction decay sign@)(and fit (—) from the
relaxation rates in the presence of inhomogeneities. Thegge of the same subject shown in Fig. 2. Biexponential fit resulted
relaxation rates were then used in Eq. [4] to determipg.. transverse relaxation timé&,, = 10 ms andl;, = 0.93 ms.
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echo sequence with TE/TR 8/40 ms, FOV= 20 X 20 cm, Figure 4 is a plot of the TQF FID obtained from the same

1.5-mm-thick slices with pixel dimensions of 256 192. individual for a preparation time of 2.4 ms. By fitting the
To correct forB, inhomogeneity, we constructdgl, maps envelope of the FID to a biexponential equation (Eq. [3]), the

prior to the experiments. We computed these maps from a agerage transverse relaxation times were (for 3) T, =

of lower resolution sodium images by varying the RF amplB.59 = 0.35 ms andl',.. = 0.84 + 0.06 ms.

tude (A) and then using a pixel-by-pixel fit of the signal Itis possible to further improve SNR and resolution of thes

intensity ((x,y,z;A)) to A (18): images by reducing the coil size and shortening the puls
lengths. To this end, we are in the process of building
1(x,y,Z;A) = 1o(X,y,2) + p’ (X,y,2)sin(hB(x,y,2) A), dedicated coil for knee imaging. We are also in the process |

[5] implementing the sequence at a higher field (4 T) and emplo
ing stronger gradients to further improve image quality. It i

whereh is a constantp’ (X,y,z) is the apparent spin density ofpossible to apply this technique to image other biologice

the low-resolution scans, arnglx,y,2) is a baseline term usedtissues as well.

to reduce the bias induced by noise in the data. Once the

excitation field was determined, the single quantum and triple CONCLUSIONS

quantum sodium images could be correctedBeolinhomoge-

neity by dividing them by the correction factor We have demonstrated for the first time that it is feasible t

_ . obtain TQF sodium images of cartilagevivo in a reasonable
E(xy,2) = B(xy,2)sin’(B(x,y,2)§), (6] time. We have also measured the transverse relaxation times
vivo. While single quantum images can be used to determir
where¢ is a scale factor obtained by adding the spin densipyG content, TQF images are more specific because they sh
times the correction factor in Eq. [6] over the entire imageghdium in slow motion regime primarily associated with the
volume and retaining thé which maximized that sum. This presence of macromolecules. The images may potentially |
process simulates the way in which the tip angle for the actugdnsitive to structural changes in macromolecule arrangeme
acquisition was selected (by maximizing the triple quantufq the extracellular matrix. Furthermore, TQF imaging can b
signal over the whole volume). used to suppress unwanted fluid signals.
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