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In this work, we present the first triple quantum filtered (TQF)
odium MR images of the human knee joint in vivo. A 3D TQF
ata set of 16 slices was obtained in 20 min using a TQF pulse
equence preencoded to a twisted projection imaging readout.
mages clearly demarcate patellar cartilage and also demonstrate
uid signal suppressed by the triple quantum filter. Biexponential
ransverse relaxation times were calculated by fitting the TQF free
nduction decay to a theoretical signal expression. The average
alues from three healthy volunteers were T *2fall 5 9.59 6 0.35 ms
nd T *2rise 5 0.84 6 0.06 ms. Application of TQF imaging in
iological tissues is discussed. © 1999 Academic Press
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INTRODUCTION

In the human skeletal system, cartilage performs the im
ant function of facilitating joint movement and distributi
echanical load. Osteoarthritis (OA), a progressive disea

artilage, can cause severe disability by impeding normal
unction. It is estimated that over 40 million people suffer fr
his debilitating disease in the United States alone (1). While
herapeutic modalities exist, they are generally useful in
arly stages of the disease. Early diagnosis would allow
ient therapeutic intervention to halt the progress of the
ase.
The major components of the extracellular matrix of ca

age are proteoglycans (PG), collagen, and water. The
tage of OA is primarily associated with a loss of PG
hanges in water content (2, 3). Although conventional proto
RI provides high-resolution images of cartilage, it is

ensitive to early changes in cartilage degeneration (4). Re-
ently, sodium MR has been shown to be useful in meas
G changes in cartilage (5). Furthermore, sodium in cartila

s under the influence of a nonisotropically or incomple
veraged quadrupolar interaction, which leads to biexpone
elaxation rates and the generation of multiple quantum co
nces. Several authors have studied sodium in biologica
ues using multiple quantum filtered (MQF) NMR (6–10).
QF NMR signal is more sensitive to the macromolec

ontent and arrangement in the extracellular matrix. Ther
efoi
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QF sodium NMR may be used to probe the structural in
ity of cartilage.

Recently, we have been able to obtain single quantum
ium images from cartilage bothin vitro and in vivo (5) and

riple quantum filtered (TQF) sodium imagesin vitro (11).
QF NMR can be exploited to image sodium in slow motio
nvironments of the tissue and suppress sodium signal
uids, thereby potentially increasing its sensitivity to the m
omolecular changes in the tissue.

In this work, we demonstrate, for the first time, the feas
ty of obtaining in vivo sodium TQF MR images of articul
artilage from the human knee. A TQF-prepared twisted
ection imaging (TPI) sequence (12) was employed to obta
QF sodium images of the knee joint from three nor
olunteers. A standard TPI sequence (without TQF preen
ng) was employed to obtain single quantum sodium
mages. Sodium images were compared with reference p
mages obtained with a standard spoiled gradient-echo im
equence. We also determined sodium transverse rela
imes from the biexponential fit of the TQF time domain sig
urther optimizations to improve signal-to-noise ratio and
ge resolution are discussed.

THEORY

Jaccardet al. (13) and Pekar and Leigh (6) have develope
he theory of how incomplete averaging of a quadrupole H
ltonian over the relevant time scales leads to multiple quan
oherences and multiexponential relaxation for spin-3/2 nu
ere we briefly review some of the relevant concepts
iexponential transverse relaxation of sodium nuclei in
resence of quadrupolar interaction.
In the case of sodium ions undergoing fast isotropic mo

he quadrupolar interaction is averaged to zero and the
ingle quantum transitions are degenerate. Sodium nucle
ibit biexponential relaxation rates in biological tissues:Rf

(1) is
he relaxation rate associated with the two outer transition

s
(1) is the rate for the inner transition. In the extreme narrow
ondition (vtc ! 1, wheretc is the correlation time describin
sotropic motion andv is the Larmor precession frequency)
 the
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287IN VIVO TQF SODIUM MRI
wo decay rates are equal. The correlation time reflects
otational motion modified by the chemical exchange tha
odium ions experience in cartilage. But if the motion is s
vtc $ 1), as is the case of sodium nuclei in the presenc
arge PG and collagen macromolecules in cartilage, the
ates will be different. In this regime, NMR relaxation crea
ultiple quantum coherences that can be detected by usin
ppropriate multiple quantum filter (6, 14). Triple quantum
ltered NMR provides information about sodium in cartila
ndergoing slow motions.
The TQF signal intensity for a single spin-3/2 system

unction of preparation time (t) and detection time (t) is given
y (10, 11, 13, 15)

FIG. 1. Pulse sequence for triple quantum filtered magnetization pre
PI imaging. The RF phase,f, was stepped through the values: 30°, 90°, 1
10°, 270°, and 330°. Preparation time,t, was set totoptimal (Eq. [4]) for each
ubject. The evolution time,d, was fixed at 400ms.
he
e

of
o

s
the

a

S~t, t! } ~e2R f
~1!tcos~vqt! 2 e2Rs

(1)t!

3 ~e2R f
(1)tcos~vqt! 2 e2Rs

(1)t!e2R i
(3)d. [1]

n Eq. [1],Rf
(1) andRs

(1) are the fast and slow components of
ransverse relaxation rate, respectively. The relative cont
ion of R1

(3), the triple quantum coherence relaxation rate
ept small by choosing a very short evolution time (d). The
uadrupolar interaction frequency,vq, is (10, 11)

vq 5 v q
l

~3 cos2 u ld 2 1!

2
, [2]

here vq
l is the quadrupolar coupling constant in the lo

irector frame andu ld is the angle between the local direc
nd the static magnetic field (B0).
Equation [1] shows that the quadrupolar interaction

uency affects the fast relaxation component of the N
ignal. Therefore, to compute relaxation rates accurately
ust determinevq in cartilage. This poses an intractable pr

em during in vivo imaging. Cartilage, like most biologic
issues, is heterogeneous in nature and therefore the orien
f the local directors can assume different values. This is

rue if the entire cartilage is molecularly homogeneous. Th
esult is an unknown distribution ofvq values for a give
ample of cartilage. In order to overcome this problem,
ssume transverse relaxation rates,R2rise and R2fall, which are

he residual quadrupolar interaction weightedRf
(1) and Rs

(1)

ates, respectively (16). Therefore, for a small evolution tim
d), Eq. [1] can be simplified to

S~t, t! } ~e2R2riset 2 e2R2fallt!~e2R2riset 2 e2R2fallt!. [3]

rom Eq. [3], one can deduce that there will be a valu
reparation time (t) for which a maximum signal amplitud

ed
,

. C is the
image (B
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
orresponding proton image of the same location. In the single quantum image (A), the arrow indicates an artery, which is not visible in the TQF).
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288 BORTHAKUR ET AL.
ill occur. During imaging, we set the value oft to this
ptimum evolution time (toptimal) which can be determined fro

he relaxation rates (11) according to the equation

toptimal 5
ln~R2rise/R2fall!

R2rise2 R2fall
. [4]

In our experiment, we calculated the relaxation rates
cquiring a TQF FID for an arbitrary preparation time. We t
alculated thetoptimal to be used during imaging. Since
alculated the relaxation times from the FID, we actu
btainedR*2rise andR*2fall, the relaxation rates in the presence

nhomogeneity.

METHODS

All data acquisitions were performed on a 3.0-T whole-b
canner equipped with broad band circuitry (General Ele
edical Systems, Milwaukee, WI). A dual-tuned (1H-23Na),
ual quadrature, 16-pole, 24-cm inner diameter birdcage
17) was used to transmit and receive.

We imaged three normal volunteers’ knees using a th
ulse TQF magnetization prepared (Fig. 1) twisted projec

maging sequence (18). The typical length of the hard R
ulses was 500ms. Before imaging, the optimal preparat

ime (toptimal) was calculated in the following way. A TQF FI
as obtained for an arbitrary preparation time,t. The FID was
t to Eq. [3] to determineR*2rise and R*2fall, the transvers
elaxation rates in the presence of inhomogeneities. T
elaxation rates were then used in Eq. [4] to determinet .

FIG. 3. Intensity profile of sodium images along a line through
emoral condyle cartilage (shown on the image) shown in Figs. 2A and
NR was 16 for single quantum images (NEX5 4) and the 8 for triple
uantum images (NEX5 7).
optimal t
y
n

y
f

y
ic

il

e-
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ingle quantum sodium images were obtained by turning
he TQF pulses and using only the TPI segment of the p
equence. In this case, the effective delay time between
ation and detection was 400ms. We also collected proto
mages using an SPGR sequence for comparison.

In the TPI sequence, the coverage ofk-space starts at th
enter, moving along a radial line on the surface of conce
ones up to a fractionp ( p , 1) of Kmax, the largest spatia
requency value used in image reconstruction. At this point
rajectory evolution is such that the sample density is m
ained untilKmax is reached. The two main advantages of
equence are that (1) it provides high SNR (due to near un
ample density throughoutk-space) and (2) it coversk-space
ith a smaller number of projections than projection rec
truction for the same resolution. Therefore, TPI require
uced experiment time compared to conventional proje
econstruction. Furthermore, the TPI sequence allows th
f different echo times. The signal at the center ofk-space is
irectly related to the average intensity of the image. There
very short TE will lead to poor SNR since the TQF signa

ero at t 5 0 and reaches a maximum att ; 3 ms. The
cquisition of the signal starts at the center ofk-space an

herefore the echo time (TE) was chosen to coincide with
aximum of the TQF signal (which occurs attoptimal). The
volution time of (d) was kept as short as possible (400ms). In
rder to obtain the maximum TQF signal, the preparation
t) was also set totoptimal. The FOV was 203 20 cm, resulting
n a voxel volume of 0.5 cc. TE/TR5 3.2/100 ms and seve
verages were used. Total TQF imaging time for each 3D
et was;20 min. Sodium single quantum images were
ained with the following imaging parameters: FOV was 23
0 cm, with a voxel volume of 0.06 cc. TE/TR5 0.4/100 ms
nd four averages were used. Total imaging time for eac
ata set was;10 min.
Proton MRI was performed, using the same coil, imm

tely following sodium imaging. We used a spoiled gradi

.

FIG. 4. Sodium TQF free induction decay signal (F) and fit (—) from the
nee of the same subject shown in Fig. 2. Biexponential fit resulte
ransverse relaxation timesT* *
2fall 5 10 ms andT 2rise 5 0.93 ms.
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289IN VIVO TQF SODIUM MRI
cho sequence with TE/TR5 8/40 ms, FOV5 20 3 20 cm,
.5-mm-thick slices with pixel dimensions of 2563 192.
To correct forB1 inhomogeneity, we constructedB1 maps

rior to the experiments. We computed these maps from
f lower resolution sodium images by varying the RF am

ude (A) and then using a pixel-by-pixel fit of the sig
ntensity (I ( x,y,z; A)) to A (18):

I ~ x,y,z; A! 5 I 0~ x,y,z! 1 r9 ~ x,y,z!sin~hBl~ x,y,z! A!,

[5]

hereh is a constant,r9 ( x,y,z) is the apparent spin density
he low-resolution scans, andI 0( x,y,z) is a baseline term use
o reduce the bias induced by noise in the data. Once
xcitation field was determined, the single quantum and t
uantum sodium images could be corrected forB1 inhomoge
eity by dividing them by the correction factor

J~ x,y,z! 5 Bl~ x,y,z!sin5~Bl~ x,y,z!j!, [6]

herej is a scale factor obtained by adding the spin den
imes the correction factor in Eq. [6] over the entire ima
olume and retaining thej which maximized that sum. Th
rocess simulates the way in which the tip angle for the a
cquisition was selected (by maximizing the triple quan
ignal over the whole volume).

RESULTS AND DISCUSSION

Figure 2 shows a sodium single quantum (A) and TQF
R image of the same axial slice from the patellar–fem

oint of a healthy 27-year-old male volunteer. Note that
right artery at the bottom of image A (indicated by arro

s not visible in the TQF image. This is because the T
equence suppresses signal from the motionally narr
odium in blood. Although the concentration of sodium
ower in blood than in cartilage, theT2 of sodium in blood
s longer and therefore results in an enhanced signal
he artery in the single quantum image. Thus the signal
he artery served as an internal control for evaluating
ltering capability of the TQF sequence. Figure 2C is
orresponding proton image of the same axial slice sh
or comparison.

Figure 3 shows a profile of sodium signal intensity acros
rticular cartilage in the femoral condyle region of Figs.
nd 2B. The SNR of the single quantum sodium images wa
NEX 5 4), whereas that for the TQF images was 8 (NEX5
). The lower SNR for TQF images is expected becau
maller fraction of sodium contributes to the signal. The T
ignal is more sensitive to sodium in cartilage than in
urrounding tissues. Therefore TQF images are devoid o
ignal from the surrounding tissues. This property can
xploited in separating cartilage signal from fluid signa
ubjects with enhanced synovial fluid.
et
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Figure 4 is a plot of the TQF FID obtained from the sa
ndividual for a preparation time of 2.4 ms. By fitting t
nvelope of the FID to a biexponential equation (Eq. [3]),
verage transverse relaxation times were (forn 5 3) T*2fall 5
.596 0.35 ms andT*2rise 5 0.846 0.06 ms.
It is possible to further improve SNR and resolution of th

mages by reducing the coil size and shortening the p
engths. To this end, we are in the process of buildin
edicated coil for knee imaging. We are also in the proce

mplementing the sequence at a higher field (4 T) and em
ng stronger gradients to further improve image quality.
ossible to apply this technique to image other biolog

issues as well.

CONCLUSIONS

We have demonstrated for the first time that it is feasib
btain TQF sodium images of cartilagein vivo in a reasonabl

ime. We have also measured the transverse relaxation timin
ivo. While single quantum images can be used to deter
G content, TQF images are more specific because they
odium in slow motion regime primarily associated with
resence of macromolecules. The images may potential
ensitive to structural changes in macromolecule arrange
n the extracellular matrix. Furthermore, TQF imaging can
sed to suppress unwanted fluid signals.
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