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a b s t r a c t

A method for acquiring triple quantum filtered (TQF) 23Na NMR images is proposed that takes advantage
of the differences in transverse relaxation rates of sodium to achieve positive intensity, PI, NMR signal.
This PITQF imaging sequence has been used to obtain spatially resolved one-dimensional images as a
function of the TQF creation time, s, for two human spinal disc samples. From the images the different
parts of the tissue, nucleus pulposus and annulus fibrosus, can be clearly distinguished based on their sig-
nal intensity and creation time profiles. These results establish the feasibility of 23Na TQF imaging and
demonstrate that this method should be applicable for studying human disc tissues as well as spinal disc
degeneration.

� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Degenerative disc disease of the spine causing lower back pain
is one of the leading musculoskeletal disorders. According to vari-
ous estimates, 15–20% of the population experiences lower back
pain annually, and 60% or more over a lifetime [1]. While T2 MRI
is the most revealing non-invasive diagnostic technique for identi-
fying changes in the disc anatomy, it has not been able to delineate
symptomatic discs [2,3]. Other non-invasive methods are required
in order to accurately diagnose disc degeneration so that the best
course of treatment can be assigned without resorting to invasive
techniques such as discography [4].

Numerous researchers have demonstrated that multiple-quan-
tum-filtered, MQF, techniques can be used to study tissue samples
[5–11]. Double-quantum-filtered, DQF, measurements of 1H, 2H,
and 23Na are the most common in biological tissues [12–14]. 1H
DQF relies on the dipolar coupling between protons to build-up
double quantum coherence signal during the experimental crea-
tion time, s [14]. Given the favorable NMR properties of 1H, this
may appear to be the most likely nucleus for study; however, it
has been shown in our previous work that in some biological sam-
ples, such as spinal disc tissue, the residual dipolar couplings are
too small to result in significant DQF signal [8]. Because of this
we originally turned to 2H DQF NMR spectroscopy which relies
on the residual quadrupolar coupling to create double quantum
coherence signal [8]. The major drawback in this approach is that
the sample must be dialyzed to introduce significant amounts of
ll rights reserved.
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H2O into the tissue. This is clearly not an ideal situation for sam-
ples that may change during dialysis or for in vivo studies. 23Na
NMR appears to be the logical choice then for studying biological
tissues for which the sodium concentration under physiological
conditions is high [15–17]. Indeed, in many cartilage-type tissues,
the concentration is high because Na+ provides a charge balance for
the negative charge on the glycosaminoglycans which are a major
component of the tissues. This is the case in human spinal disc tis-
sues where concentrations of sodium ions are as high as 300 mM in
healthy tissues [3,18,19].

We have recently shown that 23Na DQF spectroscopy of human
spinal disc tissue is sensitive both to the anatomy of the disc tissue,
i.e. the nucleus pulposus or the annulus fibrosus, as well as the
degenerative grade of the disc tissue [15]. The signal intensity
build-up curves as a function of the DQF creation time, s, showed
trends that suggested this technique may be useful as a contrast
mechanism for 23Na magnetic resonance imaging. These experi-
ments potentially provide a way of accessing information about
both local order and dynamics as opposed to other methods pro-
posed recently which provide a measure of relative 23Na concen-
tration in isotropic and anisotropic environments [16]. In order
to extend the application of 23Na MQF from a spectroscopic tech-
nique to an imaging method it is desirable to maximize the multi-
ple-quantum signal. Previously it has been shown that by applying
a triple quantum filter, TQF, instead of a double quantum filter,
greater 23Na signal intensity can be obtained while maintaining a
similar s-dependence of the NMR signal [20,21]. Fig. 1 demon-
strates the increased signal obtained from the TQF experiment.
The spectra in Fig. 1 are from a portion of human disc tissue ob-
tained from a 67-year-old cadaver. The portion of the tissue in
the NMR coil corresponds to the annulus fibrosus of the disc (the
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Fig. 1. Comparison of the 23Na NMR spectra obtained using different MQF
sequences. All spectra were processed with 200 Hz exponential line broadening
except the PITQF image for which 500 Hz broadening was used. A 10.7 kHz/cm z-
gradient was applied during the acquisition time of the PITQF image. The high
frequency edge of the lineshape represents the edge of the sample while the low
frequency edge marks the effective edge of the RF coil. Each spectrum is the sum of
512 scans using a 0.1 s pulse delay, s = 1 ms, and tPI = 0.5 ms.

Fig. 2. The basic PITQF imaging sequence for 1D spatial resolution of the TQF NMR
signal for spin I = 3/2. A p pulse can be inserted during s for off-resonance
acquisition and to refocus chemical shift and susceptibility broadening while phase
encode gradients can be added during time t to spatially encode the x and y
dimensions. The phase cycling is h1 = 30, 90, 150, 210, 270, 330; h2 = 120, 180, 240,
300, 360, 60; h3 = 0; h4 = 0, 180.
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same sample was used below for imaging experiments). All spectra
were obtained with a 1 ms creation time. The signals obtained
from the DQF and DQFMA are much less intense than that obtained
from the TQF experiment.

One drawback in performing DQF or TQF imaging experiments
on spin I = 3/2 nuclei such as 23Na is that the lineshapes are com-
posed of both positive and negative intensity signals with an over-
all integrated signal intensity near zero. In the case of TQF the
positive intensity signal arises from the central NMR transition,
i.e. mI = 1/2 M �1/2, while the negative lobes correspond to the
two satellite transitions, mI = ±3/2 M ±1/2. When an imaging
experiment is performed and the MQF signal intensity is spread
out in the spatial dimension by the applied gradients, these com-
ponents cancel each other out resulting in minimal signal being
observed. A similar problem exists for 2H DQF imaging due to the
fact that the two transitions, mI = ±1 M 0, yield out-of-phase
signals. To overcome this problem for 2H, a modified DQF pulse se-
quence was developed which makes use of a z-filter to create in-
phase DQF spectra for 2H; this IPDQF sequence also works for 1H
[14,22–24].

For spin-3/2 nuclei, it is difficult to obtain in-phase signal by
manipulating the spins using pulses without significant loss in
the overall NMR signal intensity. In the frequency domain, the sig-
nal obtained from the third rank tensor components in a TQF pulse
experiment have the form [5,20]:
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where xQ is the quadrupole frequency. The two parts of the equa-
tion yield the signal intensity, ðe�s=T2s � e�s=T2f cosðxQsÞÞ, and the
lineshape, (S0 � S1). For Na+ in an anisotropic environment, i.e.,
the 23Na possessing a residual quadrupolar coupling, both the signal
intensity build-up curves as a function of s and the line shapes con-
tain information about the bi-exponential T2 relaxation, T2s and T2f,
and the quadrupolar frequency, xQ. Previously, the full equations
for DQF and DQFMA lineshapes were used to obtain accurate values
of the three parameters of interest [15]. However, each component
of Eq. (1) theoretically contains all the information needed. As men-
tioned, the challenge in applying TQF to imaging is in the lineshape
of the TQF spectrum, the second part of the equation. It would be
desirable to create a lineshape that is all positive in intensity, while
maintaining the s-dependence of the signal intensity. One simple
way to achieve this is to take advantage of the difference in the
two decay rates for the FIDs of the central and satellite transitions.
The decay rate of the central transition is determined by the rela-
tively long T2s. The characteristic decay time, T�2f , of the satellite sig-
nal is determined by the combined effect of the faster relaxation
time T2f and the width of the Fourier transformed spectrum, which
is given by the residual quadrupole coupling constant. In most of
the tissue samples studied the two decay times are significantly dif-
ferent with T2s values being as high as 20 ms, T2f values typically
being less than 4 ms, and satellite linewidths usually larger than
500 Hz, corresponding to decay T�2f values less than 1 ms
[5,15,25]. By placing an additional delay, tPI, in the pulse sequence
after the TQF filter pulses, we can take advantage of the difference
of the decay rates, see Fig. 2. Since T�2f is typically smaller than
T2s, we can choose an intermediate value for tPI to ensure that the
negative intensity signal from the satellites has decayed before data
acquisition begins. The result is that only the central transition sig-
nal is observed, producing a sharp positive intensity peak that still
possesses the s dependence of the TQF experiment. This method,
which we call positive intensity TQF (PITQF) was used to acquire
the fourth spectrum shown in Fig.1. The PITQF experiment required
a small number of optimization steps in order to set the optimal tPI,
which we checked for a number of s values. The tPI used in the spec-
trum displayed was 0.5 ms, a sufficiently long delay to achieve
nearly complete decay of the FID corresponding to the wider-
than-1 kHz satellite signal component at s = 1 ms. For the sample
studied, the spectrum shown in Fig. 1 illustrates that little signal
from the central transition is lost and the PITQF is of similar inten-
sity to the standard TQF experiment. The signal intensity as a func-
tion of s behaves similarly to the central transition peak in both the
DQF and TQF experiments and therefore can be interpreted in the
same manner, providing information about the T2s T2f and xQ which
can be related to the exchange dynamics and local order the sodium
experiences. The success of the PITQF sequence will depend on the
difference between T�2f and T2s and will not work for samples where
these two relaxation times are similar. However, for spinal disc tis-
sues the technique should be generally applicable since in most
cases these relaxation times are quite different.

With a purely positive intensity TQF NMR signal, it becomes
possible to do imaging experiments. The final spectrum in Fig. 1
shows the 1D spatially resolved spectrum when a z-gradient was
applied to the sample (gradient strength 10.7 kHz/cm). The high
frequency side of the pattern is defined by the edge of the sample,
while the low frequency side is determined by the edge of the RF
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coil. This spectrum clearly demonstrates the feasibility of PITQF
imaging.

To demonstrate how the PITQF experiment would work for
analysis of spinal disc tissues we have obtained samples from
two cadaveric spines with degenerative grades of 2 and 3, [26] ages
67 and 63. Rectangular cores were sampled from the side of the
disc and placed inside 5 mm quartz NMR tubes. The sample place-
ment was such that the annulus fibrosus part of the tissue was at
the bottom of the tube, see Fig. 3. 1D images were acquired by
applying a z-gradient on the broad-band solution NMR probe.
Due to the RF coil size, the images were acquired in three steps
by moving the sample through the coil and then summed together
to form the full spectral profile. 1D images were taken as a function
of the TQF creation time, s, using a tPI = 1.5 ms to ensure that only
the central transition was observed even at lower s values where
the negative signal from the satellites is most intense, see Fig. 3.
This procedure generates spectroscopic s-images. As was demon-
strated previously using 1H DQF by Navon, Eliav and coworkers,
[12,27,28] images as a function of s can be useful indicators of
the state of the cartilage tissues and have potential diagnostic va-
lue [27,28].

Based on previous studies it is known that the 23Na MQF NMR
build-up curves for healthy disc tissue show significantly different
profiles for annulus fibrosus and nucleus pulposus. In a grade 1, 15-
year-old sample it was found that the DQF creation time for max-
imum signal intensity of the nucleus was around 3 ms (90% of
maximum signal reached after 1 ms) while the build-up and decay
times for the nucleus pulposus were much longer (�90% of maxi-
mum signal occurred at 7–13 ms) [15]. Furthermore, the DQF sig-
Fig. 3. PITQF s-maps of two samples of human disc tissue with degenerative grades
2 and 3 (tPI = 1.5 ms). The samples are cores taken from the side of the discs. The top
of the sample is from the nucleus pulposus while the bottom is from the annulus
fibrosus. The pictures of the tissue are aligned with the vertical axis of the plots.
nal intensity from the annulus was nearly three times stronger
than that from the nucleus. The creation times of the DQF and
PITQF signals should be comparable with the possible exception
that at low s values the relative signal intensity may be higher
due to the lack of the negative intensity satellite peaks.

The s-maps shown in Fig. 3 clearly display this trend. In the
lower three quarters of the image, 0.5–2.75 cm, the signal reaches
maximum intensity near 1–2 ms. The signal from the nucleus
(2.75–3.75 cm), has much lower intensity. For the 67 year old sam-
ple, the signal intensity appears to have two maxima, occurring at
1 and 10 ms, while the topmost part of the sample has a maximum
only near 10 ms. This may be indicative of the boundary region be-
tween the nucleus and the annulus. The 63-year-old sample exhib-
its a similar feature with a region near 2.5 cm that appears to have
two maxima (1 and 7 ms) while the top part of the nucleus yields a
maximum near 5–10 ms. These s-maps establish that the PITQF
imaging technique is effective at distinguishing different parts of
the spinal disc tissue based on the 23Na signal. With the extension
of this experiment to micro-imaging or medical imaging equip-
ment, it is expected that series of TQF images with varying s can
be acquired and used to study spinal discs and potentially diagnose
the stage of disc degeneration. A potential complication is the ef-
fect of RF inhomogeneity in large samples, the effect of which on
DQF and TQF signal intensities has been analyzed by Reddy et al.
[29]. TQF is less sensitive to flip-angle variations and it is probable
that good-quality TQF images of regions as small as spinal discs can
be obtained in vivo.

We have demonstrated a new method for acquiring positive
intensity signal from 23Na TQF spectroscopy. It has been found that
the simple setup and high resulting signal allow spectroscopic
images to be collected. When acquired as a function of TQF crea-
tion time, images can be obtained which clearly show that differ-
ent parts of the disc tissues have different MQF behaviors. These
results prove that 23Na TQF imaging is feasible and should be appli-
cable to study spinal disc degeneration.
2. Experimental

Samples were obtained by taking a core sample from the side of
a human cadaveric intervertebral disc. Two discs were used, one
from a 63-year-old and one from a 67-year-old, both had a Thom-
son grade of 2–3 [26]. The specimens were sealed into a dialysis
membrane (6000 MWCO) and immersed in a 0.12 g/ml solution
of polyethylene glycol (PEG 20 k) to emulate physiological condi-
tions [8,30]. The samples were removed from the dialysis bags
prior to performing NMR measurements and were sealed in a
5 mm quartz NMR tube.

23Na MQF spectroscopy was performed on a Bruker Avance 600
narrow bore spectrometer using a 5 mm broadband triple resonance
solution probe equipped with three-axis gradients. Solution p/2
pulses were calibrated using a 0.5 M solution of NaCl in water and
found to be 7.25 ls; the pulse widths were re-optimized on the sam-
ples. Spectral widths of 100 kHz were used, and 2048 points were ac-
quired in the time dimension. 1D spectroscopic images were
acquired using the sequence shown in Fig. 2 by applying a
10.7 kHz/cm z-gradient along the sample. Thirteen increments were
acquired in the s dimension to create the s-maps in Fig. 3. Each spec-
troscopic image was the sum of 5000 scans using a 0.1 s pulse delay.
It was found experimentally that the effective range of the RF coil
was approximately 1.5 cm. To acquire images of the entire sample,
3–4 cm in length, the sample was systematically moved through
the coil in 1.3 cm increments and the resulting spectroscopic images
were summed up post-processing. The spectra were processed used
200 kHz exponential line broadening while the images were pro-
cessed using 500–1000 Hz line broadening.
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