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Measuring Diffusion of Solutes into
Intervertebral Disks with MR Imaging and

Paramagnetic Contrast Medium

Canh Nguyen-minh, Victor M. Haughton, R. Anne Papke, Howard An, and Steven C. Censky

BACKGROUND AND PURPOSE: Experimental studies have shown that solutes diffuse more
slowly into degenerated intervertebral disks than into normal disks. A noninvasive clinical
study of diffusion in intervertebral disks is not generally available. Our purpose was to evaluate
contrast-enhanced MR images to study diffusion in normal and degenerated lumbar interver-
tebral disks.

METHODS: The change in signal intensity (as a proportion of baseline signal intensity) was
calculated in lumbar intervertebral disks on MR images obtained before and after injection of
intravenous contrast medium in 15 patients with low back pain. The intervertebral disks were
classified as normal or degenerated on the basis of the MR appearance. Postoperative disks and
degenerative intervertebral disks with a “high-intensity zone” were excluded. The changes in
signal intensity as a proportion of baseline signal intensity were compared in degenerated disks
and normal disks and the differences tested for statistical significance.

RESULTS: After intravenous administration of a gadolinium complex, signal intensity in
normal intervertebral disks increased an average of 36% of baseline. In intervertebral disks
with signs of degeneration, it increased an average of 21% of baseline. The difference was
significant.

CONCLUSION: The study shows that diffusion into normal human lumbar intervertebral
disks can be evaluated with MR imaging combined with intravenous contrast medium. With
suitable MR techniques, the relationship between diffusion and disk degeneration, and the
effect of trauma, drugs, and nutrition on disk degeneration can be studied noninvasively.
Since the intervertebral disk is avascular, the trans-
port of nutrients to and waste products from the disk
occurs by the process of diffusion. The energy for the
metabolism of approximately 8000 cells in each cubic
millimeter of disk and for the intracellular synthesis
of procollagen and proteoglycans depends on the
diffusion of nutrients into the disk. Impaired diffusion
has been found in degenerated intervertebral disks
and has been suggested as a cause of degeneration
(1). The relationship between disk degeneration and
diffusion has been studied by counting radioactivity in
samples of disk after an isotope is injected intrave-
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nously (2–8). Noninvasive methods of studying diffu-
sion in intervertebral disks are not generally available.

Paramagnetic contrast medium injected intrave-
nously has been reported to shorten the T1 of inter-
vertebral disks (9–11). The slowly increasing signal
intensity (on T1-weighted images) in the interverte-
bral disk after intravenous injection of a paramag-
netic contrast medium results from diffusion of the
contrast medium into the disk. MR studies suggest
that diffusion into the disk is affected by the type of
contrast medium and the state of the cartilage in the
disk. The ionic paramagnetic contrast medium gado-
pentetate dimeglumine diffuses less rapidly into the
disk than the nonionic media gadoteridol or gadodia-
mide, probably because the charges on the ionic me-
dium slow its entry into cartilage, which contains a
high concentration of fixed negative charges (9). In
addition, diffusion is slower in mature disk cartilage
than in immature disk cartilage, probably because of
the amount of collagen in the matrix and/or the con-
centration of fixed negative charges (10).

Because the effect of intravenously injected para-
magnetic contrast medium on the signal intensities of
81
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the disk can be measured, MR imaging may provide a
noninvasive clinical method for measuring diffusion
into human disks. An effect on normal human inter-
vertebral disks of clinical doses of paramagnetic con-
trast media has been detected (12). The purpose of
this study was to compare diffusion into normal and
degenerative disks in a group of patients who received
contrast medium for spine imaging.

Methods

Between March 1994 and September 1995, 10 men and five
women (ages 23 to 56 years; mean age, 36 years) with continu-
ing back pain after laminectomy were enrolled in a phase III
FDA study to evaluate gadoteridol (ProHance, Bracco Diag-
nostics, Princeton, NJ) as a contrast medium for MR imaging.
The protocol for the FDA study required sequential injections
of contrast medium to measure the effect of each dose, but in
this study only the effect of the cumulative dose was tabulated.

Each patient was imaged in a 0.5-T MR imager with the
same experimental protocol. Localizer images and then sagittal
fast spin-echo images were acquired with the following param-
eters: 4000/108/2 (TR/TE/excitations), echo train length of 8,
variable bandwidth, 256 3 256 matrix, 5-mm-thick sections,
1-mm spacing, and a 28-cm field of view (FOV). Sagittal T1-
weighted images were obtained before administration of con-
trast medium, 10 minutes after injection of 0. 1 mmol/kg intra-
venous gadoteridol, and 5 minutes after injection of an
additional 0.2 mmol/kg intravenous gadoteridol with imaging
parameters of 600/20/2, an acquisition matrix of 512 3 256,
5-mm-thick sections, 0.5-mm spacing, and a 28-mm FOV. The
time between injections was 15 minutes. Transmit and receive
were not adjusted between imaging sequences.

The MR images were reviewed and those with evident mo-
tion or artifacts were excluded. On the basis of their MR
appearance on the sagittal and axial images, intervertebral
disks were classified as normal or degenerative. Disks with
normal height and signal intensity and no evidence of radial
tear, bulging annulus, or herniated nucleus pulposus were clas-
sified as normal. Disks with diminished height or signal inten-
sity or abnormal disk margins were classified as degenerative.
Disks at the level of a laminectomy or laminotomy were ex-
cluded. Disks that had severely reduced height that precluded
accurate measurements were excluded. Degenerative disks
with a “high-intensity zone” (13) in the annulus fibrosis on
T2-weighted images or with a linear zone of contrast enhance-
ment on sagittal images after injection of contrast medium (14)
were excluded.

Signal intensities of disks were measured on midline sagittal
images before contrast medium was administered and after the
second dose of contrast medium. An investigator who was
blinded to the objectives of the study placed cursors adjacent to
but not overlapping the low signal intensity in the superior and
inferior endplates and halfway between the anterior and pos-
terior longitudinal ligaments (Fig 1). The change in signal
intensity as a proportion of baseline signal intensity was calcu-
lated for each cursor location. Average values of the change in
signal intensity were calculated. Differences between measure-
ments in the normal and degenerated disks were tested for
significance with an F test.

Results

In the 15 patients, 15 disks were excluded because
of previous diskectomy and 29 because of artifacts or
advanced degeneration. Eighteen normal disks and
13 degenerative intervertebral disks were measured.
Of the 13 degenerative disks, six with evidence of a
high-intensity zone or radial tear were excluded. In
the group without a high-intensity zone, five had ev-
idence of a bulging annulus and two had evidence of
a herniated disk.

In the normal disks, the average increase in signal
intensity in the intervertebral disks at the endplates
was 0.36 with a variance of 0.11 (Table). For the
degenerative disks, the average signal intensity
change at the endplates was 0.21. The difference
between the signal intensity changes at the endplates
in normal disks and the degenerative disks was sig-
nificant (P 5 .03, F test).

In the four subjects in whom both a normal disk
and a degenerated intervertebral disk were measured,
the signal intensity changes were smaller in each of
the degenerative disks than in the normal disks (Fig
2). The difference was significant (P 5 .05, Wilcoxon
sign test).

FIG 1. Sagittal MR image of the lumbar spine shows the posi-
tion of cursors used to measure changes in signal intensity in the
intervertebral disk. Six cursors are illustrated in the L4–L5 (nor-
mal) disk and the L5–S1 (degenerative) disks. For this study, the
signal intensity changes in the central cursors were tabulated.
Variance may be reduced by using multiple cursors; for example,
all six of the cursors illustrated. A cursor near the center of the
disk (not shown), farther from the endplate, detects a smaller
change in signal intensity after intravenous administration of
contrast medium.
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Discussion

This study was performed to determine the feasi-
bility of measuring diffusion in intervertebral disks
noninvasively with MR imaging and a paramagnetic
contrast medium. The study shows that signal inten-
sity changes can be measured in normal and degen-
erative intervertebral disks after intravenous injection
of contrast medium and suggests that paramagnetic
contrast media diffuse into normal and degenerative
intervertebral disks at different rates.

Our study indicates the need for refinements in
data acquisition to obtain clinically useful measure-
ments of diffusion into disks. A 0.5-T imager was used
in our study for logistic reasons. Use of a higher-field-
strength MR unit is preferable because of its in-
creased sensitivity to T1 shortening by contrast me-
dium (15). A period of at least 40 minutes between
intravenous injection of contrast medium and collec-
tion of image data would have increased the signal
intensity change to more optimal levels (10). We used
a shorter interval because it was specified by the FDA
protocol. We used a nonionic medium, which diffuses
more rapidly in the disk than do the ionic media (10,
11), and a dose of 0.3 mmol/kg. We measured signal
intensity changes near the osseous endplate rather
than in the middle of the disk, where signal intensity
increases more slowly. Because we used a small cur-
sor, variance in our data was high, resulting in occa-

Change in signal intensity in normal and degenerative intervertebral
disks after intravenous injection of contrast medium

Patient No. Age Level Change

Normal disks 2 36 12–1 0.89
2 36 3–4 0.25
4 34 3–4 0.15
4 34 5–1 0.30
5 35 3–4 0.60
7 23 2–3 0.09
7 23 3–4 0.35
9 50 3–4 0.20

11 36 4–5 0.12
12 43 2–3 0.43
13 34 3–4 20.05
14 33 1–2 0.95
17 40 4–5 0.35
18 33 3–4 0.55
19 33 4–5 1.05
20 44 4–5 20.15
21 37 1–2 20.05
23 68 1–2 0.45

Average 0.36
Variance 0.11

Degenerative disks 5 35 5–1 0.32
14 33 5–1 0.35
15 45 4–5 0.42
1 52 4–5 20.08

12 43 4–5 0.09
7 23 4–5 0.02
6 43 4–5 0.36

Average 0.21
Variance 0.03
sional decreases in signal intensity after contrast me-
dium administration. Multiple cursors (as illustrated
in Fig 1) or other strategies to increase the volume of
disk sampled may reduce variance. Stratification of
results by disk type may be needed to avoid confound-
ing effects. We excluded disks with a high-intensity
zone on the assumption that they might have accel-
erated signal intensity changes due to granulation
tissue in the annular tear. We did not use an internal
reference or control, which might have been benefi-
cial because of large interpersonal variation. Addi-
tional limiting factors in this study were the small
number of cases and the highly selected sample.

A noninvasive means of measuring diffusion into
human intervertebral disks has been an ongoing ob-
jective of research (1–5). MR imaging with intrave-
nous contrast medium may provide the solution.
Studying diffusion into intervertebral disks may clar-
ify some aspects of disk degeneration, since delayed
diffusion into intervertebral disks may be a cause or a
marker of disk degeneration. This clinical study shows
the feasibility of measuring the effect of diffusion in
human intervertebral disks.

Conclusion
Signal intensity changes can be measured with MR

imaging in normal and degenerative human lumbar
intervertebral disks after intravenous injection of con-
trast medium. Smaller changes are measured in de-
generative disks than in normal-appearing disks. MR
imaging can be used to study diffusion of solutes into
intervertebral disks.
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