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NMR relaxation rates were related to the composition of the
nucleus pulposus from 11 and anulus fibrosus from six human
intervertebral disks. Tissue water was proportional to gly-
cosaminoglycan (GAG) and residue, the noncollagen, non-GAG
portion of the dry weight ( R 2 5 0.74). The solid signal fraction
depended on collagen and residue protons ( R 2 5 0.89). 1/T1 was
proportional to collagen and residue ( R 2 5 0.97). T2 showed 2–4
components labeled A, B, C, and D, with means 6 standard
deviations of 3.1 6 1.6, 17.5 6 9.5, 64 6 22, and 347 6 162 msec.
Signal fractions of A and B depended on the collagen-
associated water protons ( R 2 5 0.94 and 0.85), C on residue-
associated water protons ( R 2 5 0.82), and D on GAG-associated
water protons ( R 2 5 0.74). The data led to a model of disk
architecture in which the collagen and residue were largely
solid, forming distinct water compartments; the remaining wa-
ter was present in a proteoglycan gel. Magn Reson Med
43:34–44, 2000. r 2000 Wiley-Liss, Inc.
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Intervertebral disk degeneration is generally believed to
play a central role in the pathogenesis of low back pain and
is thus responsible for much human suffering and substan-
tial health care costs. The healthy young intervertebral disk
comprises a coarsely fibrous ring, the anulus fibrosus (AF),
surrounding a centrally located translucent nucleus pulpo-
sus (NP). The NP is bounded above and below by end
plates consisting of a thin hyaline cartilage overlaying
compact bone on the ends of the vertebrae. With age, the
NP becomes a fibrous pad that eventually develops fine
fissures, and later clefts, that in extreme cases may separate
the NP entirely from the surrounding tissue. The distinc-
tion between the NP and AF becomes less clear with age
and clefts may develop within the AF (1).

Aging and degeneration of the disk are associated with
changes in the concentrations of its chemical constituents
(2,3). The predominant chemical constituents are water,
collagen, proteoglycan, and non-collagenous, non-proteo-
glycan proteins. Water content decreases markedly from
birth to maturity, more slowly from maturity until death,
and more prominently in the NP than in the AF. More
collagen is present in the AF than in the NP; the NP

collagen increases with aging and degeneration. Proteogly-
can is more abundant in the NP than in the AF, and in the
NP its concentration decreases with aging and degeneration.

MRI is an important noninvasive clinical method for
documenting the state of the intervertebral disk (4,5).
Several groups related tissue composition to the NMR
properties of the disk. 1/T1 was related linearly to the water
concentration in disks (6). Two other groups (7,8) plotted
T1 versus water concentration and found an apparently
hyperbolic relationship, suggesting that water concentra-
tion is more likely linearly related to 1/T1 rather than to T1.
A study (7) that related T1 to nonaqueous components of
disk found T1 to be positively correlated to GAG and
negatively correlated to collagen concentrations. Although
one study found that T2 decay curves from rabbit spine
were multi-exponential (9), all other studies of T2 in disks
used single exponential analyses. Several groups exam-
ined the correlation between 1/T2 and water concentration;
Ke et al. (10) found very good correlation, Weidenbaum et
al. (11) found marginal correlation, and Chiu et al. (12)
found none. Two groups (6,7) found reasonable linear
correlations between T2 and water concentration, while
Chatani et al. (8) demonstrated a curvilinear plot for T2

versus water concentration. Antoniou et al. (7) and Majors
et al. (6) found positive correlations between T2 and GAG
concentration, whereas Weidenbaum et al. (11) found no
correlation between 1/T2 and GAG concentration. Anto-
niou et al. (7) and Majors et al. (6) found negative correla-
tions between T2 and collagen concentration, whereas
Weidenbaum et al. (11) found a positive correlation be-
tween 1/T2 and collagen. In short, the literature relating
chemical composition to the NMR properties of the disk is
inconclusive.

This investigation develops a model of the architecture
of the human lumbar disk based on the effect of chemical
composition on its NMR properties. The approach differs
from most other disk studies. The NMR spectrometer was
sensitive to all protons in the disk, not just to the mobile
protons accessible to a clinical MRI scanner. Special effort
was made to look for multi-component T1 and T2 relaxation
behavior. Assays of the principal chemical constituents—
water, collagen, and proteoglycan—used methods that
could be related directly to the weight of the constituents.
This study looked for correlations between NMR and
chemical composition that were not only statistically
significant, but also had a plausible NMR interpretation.

MATERIALS AND METHODS

Collection of Specimens

Lumbar disk samples were obtained from human spines
collected within 24 h of death. A mid-sagittal T2-weighted
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image (TR – 2000 msec; TE – 40 msec) was made within 4 h
of specimen collection using a 0.15-T Picker Vista MRI
Scanner. To evaluate degeneration (13), each disk image
was graded independently and blindly by a radiologist
(BF) experienced with the grading scheme. The grades
ranged from healthy young grade I to severely degenerate
grade V. Specimens were frozen quickly and stored at
280°C. Before dissection, the spine was thawed overnight
at 4°C.

Intervertebral disks of known grade were dissected,
taking care to avoid inclusion of the cartilaginous end
plate. NP, that is, centrally-located tissue free of coarse
collagenous fiber bundles, and AF, that is, peripherally-
located tissue comprising coarse collagenous fiber bundles
through the full thickness of the disk, were dissected.
Blocks of tissue weighing approximately 0.2 g were placed
without compression into 8 mm diameter NMR tubes and
sealed. Dissected tissue samples were stored at 230°C and
thawed to room temperature only for NMR measurements.
Refreezing and rethawing did not affect the NMR results, in
agreement with other work (Thompson, Master’s thesis,
University of British Columbia). Since AF samples exhib-
ited some angular dependence in the NMR free induction
decay, the samples were oriented with fibers perpendicular
to the magnetic field at which orientation the free induc-
tion decay rate was found to be slowest.

Collection of NMR Data

Proton NMR data were collected on a modified Bruker
2.1-Tesla solid-state spectrometer (14) capable of character-
izing the signal from all protons in disk samples. The
magnetic field homogeneity was about 0.5 ppm and all
measurements were made at 24° with a repetition time of
10 sec; 100 signals were averaged.

The free induction decay was measured following a 90°
pulse. To minimize coherent noise and baseline offsets,
alternate 90° pulses were preceded 1 msec earlier by a 180°
pulse to invert the signal, which was subtracted from the
cumulative signal averaged data. Signals from both x and y
channels were collected to permit correction of any phase
offsets. A dwell time of 0.5 µs was used and 1024 points
were digitized. For the first 12 µs following the center of
the 90° pulse, the signal was distorted due to receiver
saturation. Protons that were either rigid or underwent
anisotropic motion on the NMR time scale of 1025 sec
contributed to the ‘‘solid’’ signal; such signals decayed to
zero in less than 50 µs. The total signal, S(t), from 12 to 20
µs was fitted to the equation (15)

S(t) 5 S(0) 11 2
M2

2
t 22 , [1]

where M2 is the second moment of the proton NMR line
shape. Assuming that the mobile signal has zero M2, the M2

of the protons in tissue solids was ,3 3 109 s22 for all
samples. The mobile signal from protons that undergo
rapid isotropic motion on the NMR time scale decayed
much more slowly and was characterized by

S(t) 5 M(0) e2t /T2 [2]

for times greater than 50 µs. The fraction of the signal from
the solid protons was (S(0) – M(0))/S(0) while that from the
mobile signal was M(0)/S(0).

Spin-lattice relaxation was measured using the same
pulse sequence as the free induction decay, but the inver-
sion time between the 180° and the 90° pulse was varied for
11 intervals logarithmically spaced between 1 msec and 5
sec. To obtain the T1 decay curve, the average of a small
data window in the free induction decay signal immedi-
ately following the receiver saturation time (12 µs) was
plotted against inversion time. The T1 decay curve had
contributions from both solid and mobile protons.

The Carr-Purcell-Meiboom-Gill (CPMG) (16,17) se-
quence was used for T2 measurement. To minimize coher-
ent noise and baseline offset, on alternate scans the phase
of the 90° pulse was shifted by 180° and the signal
alternately added and subtracted from the computer
memory. For a few samples, results were acquired at echo
spacings, t, of 200, 400, and 800 µs to look for dependence
of the T2 decay curves upon t. No dependence was found,
permitting subsequent data collection to be restricted to t
times of 200 and 400 µs. In all cases but one, the 200 and
400 µs results were identical. Results presented here are for
the 200 µs echo spacing only. For T2 decay curves, four
points were averaged from each echo for the first 224
echoes and four points were averaged from every eighth
echo for the next 512 echoes. T2 decay curves were
terminated when their amplitude had decayed to 1% of the
initial amplitude.

T1 and T2 decay curves were fitted by the expression

S(t) 5 o
i51,N

Si(0) e2t /Tj ,i [3]

for j 5 1, 2, where S(t) is the T1 or T2 decay curve amplitude
at time t, N is the number of exponential components, and
Si(0) and Tj,i are the initial amplitude and the T1 or T2 time
of the ith component. The above equation was fitted using a
Non-Negative-Least-Squares (NNLS) algorithm (18). The
closeness of the fit to the data was monitored by calcula-
tion of x2 and by plotting the fitted curve. For most
samples, x2 was between 0.9 and 1.2 times the number of
data points. In all cases, there was excellent agreement
between the data and the fitted curve.

Chemical Composition of the Tissue

After NMR, the tissue was minced finely and duplicate
samples were taken for analysis. Water content of the tissue
samples was measured as the weight lost on freeze-drying
followed by further drying in vacuo to constant weight
over P2O5 (19). Samples were digested with papain and the
digest was assayed for hydroxyproline (20) and for anion-
exchanger-bound hexose and hexuronate (21). All concen-
trations were expressed relative to the dry weight of the
tissue because of postmortem shifts of tissue water (22).
Collagen concentration was calculated using the factor
0.91 g collagen/mmol hydroxyproline (19), keratan sulfate
concentration using the factor 0.495 g keratan sulfate/
mmol galactose, and chondroitin sulfate concentration
using the factor 0.503 g chondroitin sulfate/mmol Na
glucuronate. Keratan sulfate and chondroitin sulfate val-
ues were summed to obtain the total glycosaminoglycan
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(GAG) concentration. Residue was dry weight less collagen
and GAG.

Preparation of 4 M Guanidinium Chloride-Insoluble Tissue
Solids and Proteoglycan

Tissue solids, which comprised mainly collagen, and
proteoglycan were prepared from NP or AF from tissues
other than those used for NMR studies in order to examine
the NMR properties of individual tissue constituents. The
A1 proteoglycan was extracted with buffered 4M guanidin-
ium chloride containing protease inhibitors followed by
CsCl density gradient ultracentrifugation, as described
elsewhere (23). The tissue solids remaining after extraction
with 4M guanidinium chloride were washed thoroughly
with buffered physiological saline and stored as a thick
slurry (23).

Statistical Treatment of Data

The data were analyzed using Systat for Windows, Version
5.03. Because the data were generally not distributed
normally, comparisons of two groups used the Mann-
Whitney U-test. Analysis of variance was used to examine
the differences among the four components in log10 T2;
Scheffé’s test was used to evaluate differences between
components. The closeness of fit to a linear regression was
evaluated using the coefficient of correlation squared (R2),
which expresses the fraction of the variance of the depen-
dent variable attributable to the regression, and the stan-
dard error of estimate. The significance of R2 was evaluated
by the F-test. Initially, the effects of collagen, GAG, and
residue concentrations were tested using a mixture model
because these components summed to the dry weight, a
constant. Nonsignificant variables were eliminated and the
linear regression analysis was repeated with the remaining
variables until all nonsignificant variables had been elimi-
nated. Because the three variables were not independent,
any pair gave identical values of R2. In such cases, the
variables relating positively to relaxation rates were used
because such relationships are more plausible physically
(24). For each such relationship reported, the effect of
correlations amongst the independent variables was exam-
ined as well as the normality of the distributions of
residuals about the line of best fit and the effect of outliers
on the coefficients.

RESULTS

Disks for study were selected by the appearance of their
T2-weighted spin-echo images (TR – 2000 msec; TE – 40
msec) using the grading scheme of Thompson et al. (13).
Eleven disks from ten donors were used, one of grade I,
four of grade II, four of grade III, and two of grade IV. Disks
of grades I and II were considered healthy; those of grades
III and IV, degenerate. Five donors of healthy disks ranged
in age from 17 to 42 y; six donors of degenerate disks, from
24 to 85 y. Nine of the ten donors were male. NP from each
of the disks and AF from six were used for experiments.

Tissue Composition Was Typical of Human Disks

After completion of NMR measurements, 13 specimens
were analyzed for water, collagen, and GAG. Results were

typical of human intervertebral disks analyzed in this
laboratory. Two specimens with outlying values were
excluded from subsequent analyses in which the concentra-
tions of tissue components were compared with NMR
parameters. These two samples appeared to have degraded
during storage because of poorly sealed NMR tubes. The
mean water concentration (6 SD) of the NP (2.74 6 0.64 g/g
dry wt) was higher (P 5 0.021) than that of the AF (1.84 6

0.38 g/g). The mean collagen concentration was higher
(P 5 0.013) in the AF (0.64 6 0.11 g/g) than in the NP
(0.31 6 0.09 g/g). The mean GAG concentration was higher
(P 5 0.03) in healthy NP (0.45 6 0.11 g/g) than in
degenerate NP (0.20 6 0.13 g/g). The mean concentration
of the residue (dry wt less collagen and GAG) was 0.34 6

0.20 g/g dry wt and did not differ significantly between NP
and AF or between healthy and degenerate NP.

Water Concentration Depended on GAG
and Residue Concentrations

GAG, collagen, and residue concentrations were fitted to
an equation expressing water concentration as a linear
function of these three variables by using a mixture model.
GAG (P , 0.001) and residue (P , 0.001) contributed
significantly to the regression, but collagen did not (P 5

0.52):

WATER 5 0.39 (60.57) COLLAGEN

1 5.28 (60.60) GAG 1 2.59 (60.45) RESIDUE. [4]

The water concentration in the collagen compartment,
0.39 6 0.59 g/g collagen (P 5 0.40), was much less than that
in the residue and GAG compartments, 2.59 6 0.45 g/g
residue (P 5 0.002) and 5.28 6 0.60 g/g GAG (P , 0.001),
respectively. Water concentration calculated using this
equation agreed well with observed values (Fig. 1) . Thus,
the water concentration in the tissue depended on the
concentrations of GAG and residue. Because of these
relationships, water was not treated as an independent
variable; rather, collagen, GAG, and residue were treated as
distinct water compartments.

Water Protons Predominate in Tissue

The proton concentration in water is 0.111 g proton/g. The
numbers of nonexchangeable protons of collagen, keratan
sulfate, and chondroitin sulfate were calculated by count-
ing the –CH bonds of the constituent amino acids of human
NP collagen (25) and of the disaccharide repeating units of
the two GAGs. Protons covalently bound to oxygen, nitro-
gen, or sulfur were assumed to exchange sufficiently
rapidly to be indistinguishable from those of water (26).
Calculated densities were 0.0460, 0.0343, and 0.0301 g
proton/g of NP collagen, keratan sulfate, and chondroitin
sulfate, respectively. Residue, the other component, was
assumed to have a proton density of 0.04 g proton/g dry wt.
These values were used to calculate the fractions of the
tissue protons associated with water, collagen, GAG, and
residue in each tissue sample. Mean values (6 SD) were
0.868 6 0.037, 0.058 6 0.037, 0.027 6 0.013, and 0.046 6
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0.028 for water, collagen, GAG, and residue, respectively.
The water protons predominated. Collagen, GAG, and residue
protons contributed about 13% to the tissue protons.

Collagen and Residue Are Solids

Free induction decay (FID) curves from typical healthy NP
and AF are shown in Fig. 2. The initial rapidly-decaying
FID component arises from protons on molecules that
move slowly or anisotropically on the NMR time scale of
1025 sec. Collagen is an obvious candidate for this solid
component. A higher proportion of collagen is present in
the AF than in the NP, and the rapid decay was more
prominent in the AF than in NP. Also, the 4M guanidinium
chloride-insoluble solids, which contain the bulk of the
disk collagen, showed a rapidly decaying component of the
free induction decay signal similar to that shown by disk
tissues. Solutions of disk A1 proteoglycan in phosphate-
buffered saline did not. However, the dependence of the
solid signal on the fraction of collagen protons was weak,
accounting for only 46% (R2) of the variance in the solid
signal (P 5 0.14) with a standard error of estimate of 0.038.
On the other hand, the solid component of the signal
corresponded closely to the sum of the proton fractions of
collagen and residue (Fig. 3a):

SOLID FRACTION 5 20.018 (60.018) 1 0.82 (60.15)

· PROTON FRACTION (collagen 1 residue). [5]

The solid signal fraction was consistently less than the sum
of the proton fractions of collagen and residue by 0.039 6
0.016, suggesting that some residue or collagen contributed
to the mobile signal.

Water and GAG Are Mobile

Since the tissue fresh weight is the sum of water, collagen,
GAG, and residue, a corollary of the relation of collagen
and residue to the solid signal is the relation of water and
GAG to the mobile signal (Fig. 3b):

MOBILE FRACTION 5 0.19 (60.13) 1 0.82 (60.15)

· PROTON FRACTION (water 1 GAG). [6]

Water alone accounted for 69% of the variance of the
mobile fraction. The relationship of water and GAG to the
mobile signal is supported by the demonstration that the
water content of the disk depends upon the fixed charge
density of the tissue GAG (27).

FIG. 1. Observed concentration of water (g/g dry wt) in healthy (r,j)
and degenerate (s,k) nucleus pulposus (r,s) and anulus fibrosus
(j,k) compared with values calculated by the equation WATER 5

0.39 COLLAGEN 1 5.28 GAG 1 2.59 RESIDUE. The line corre-
sponds to equal values. R 2 5 0.74; P 5 0.004. Standard error of
estimate 5 0.41g water/g dry wt.

FIG. 2. Typical free induction-decay curves of (a) nucleus pulposus
and (b) anulus fibrosus.
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1/T1 Was Related to Collagen and Residue Concentrations

T1 relaxation curves followed a single component exponen-
tial decay. Therefore, on the T1 time scale of about 1 sec, all
solid and mobile protons are in equilibrium. All the T1

rates for tissues were higher than those found for 4M
guanidinium chloride-insoluble tissue solids or A1 proteo-
glycan preparations.

The relationship of 1/T1 to collagen, GAG, and residue
concentrations was calculated using a mixture model. The
contributions of collagen and residue were significant (P ,
0.001 for both) whereas the contribution of the GAG was
not (P 5 0.50). Thus, the T1 relaxation rate is a linear

function of collagen and residue concentrations:

1/T1 5 20.18 (60.13) 1 1.89 (60.18)

· COLLAGEN 1 1.72 (60.18) RESIDUE. [7]

The observed values fitted the calculated values well (Fig.
4). This relationship supports a fast exchange model in
which water protons, which dominate the disk signal, are
relaxed by interactions with collagen and residue mol-
ecules (24).

T2 Relaxation Was Multi-Component

A typical T2 decay curve obtained from the CPMG se-
quence is shown in Fig. 5. The curvature of the semi-
logarithmic plot indicated a departure from the simple
exponential decay characteristic of a single water environ-
ment. A NNLS fit indicated four T2 water environments
(Fig. 5, inset); each characterized by a time constant, T2X,
and a fraction of the total signal. Similar analyses of the 17
specimens identified two to four components: two for four
specimens, three for seven, and four for six. For the six
specimens with four components, the mean values 6 SD
were 3.1 6 1.6, 17.5 6 9.4, 64 6 22 and 347 6 162 msec.
These components will be designated A, B, C, and D in
order of increasing T2X. Log10 T2X was used for statistical
analysis because the standard deviations were propor-
tional to the magnitude of T2. The values of log10 T2X

differed clearly between the four components (P , 0.001
by analysis of variance). T2X for each of the components
differed clearly from the others (P , 0.001 by Scheffé’s test

FIG. 3. Free induction-decay signals compared with proton fractions
calculated from tissue components of healthy (r,j) and degenerate
(s,k) nucleus pulposus (r,s) and anulus fibrosus (j,k). The solid
lines represent agreement between the signal fraction and the proton
fraction. The dashed lines represent the lines of best fit. a: The solid
signal compared with collagen plus residue. R 2 5 0.89; P 5 0.005.
Standard error of estimate 5 0.038. b: The mobile signal compared
with water plus GAG. R 2 5 0.89; P 5 0.005. Standard error of
estimate 5 0.015.

FIG. 4. The observed T1 relaxation rates (sec21) of healthy (r,j)
and degenerate (s,k) nucleus pulposus (r,s) and anulus fibrosus
(j,k) compared with values calculated by the equation 1/T1 5

20.18 1 1.89 COLLAGEN 1 1.72 RESIDUE. The line corresponds
to equal observed and calculated values. R 2 5 0.97; P 5 0.001.
Standard error of estimate 5 0.096 sec21.
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for each pair). T2X for the specimens with two or three
components were assigned to component A, B, C or D by
calculating the probability that the value of T2X arose from
each one of the four components using the mean and
standard deviation of the values from the four-component
specimens as a reference. The datum was assigned to the
component with the highest probability.

Fractions of the T2 Components Depended
on Disk Morphology

The fractions of T2 components for the NP and AF of
healthy and degenerate disks are shown in Fig. 6. Compo-
nent D was absent for all samples of AF and either absent or
negligible for four of the five samples of degenerate NP. In
contrast, for healthy NP the fraction of component D was
over 0.83 of the total signal for three of the four specimens
tested and 0.49 in the fourth. The fraction of component C
was over 0.89 of the total signal in four of the five
degenerate NP, zero in two of the healthy NP and 0.12 and
0.31 in the remaining two. This pattern suggested that
component D was characteristic of healthy NP and compo-
nent C of degenerate NP. For the AF, the predominant
components of the T2 relaxation were B and C, with
component B predominating in the degenerate AF.

Fractions of the T2 Components Depended
on Tissue Constituents

In the absence of exchange, the magnitude of each T2

fraction should reflect the fraction of the tissue mobile
protons associated with the constituent or constituents
responsible. The fraction of water protons associated with
each component was calculated using the coefficients
relating collagen, GAG and residue concentrations to the
concentration of tissue water: 0.39 g water/g collagen, 5.29
g water/g GAG, and 2.59 g water/g residue (Eq. [4]).
Collagen and residue protons were not included because

they contributed mainly to the solid and not to the mobile
signal. The GAG protons were also not included because
they contributed on average only about 3% to the signal.

The dependence of the signal fraction of each of the T2

components on the fractions of water in collagen, GAG and
residue was examined by a mixture model of multiple
regression (Table 1). Components A and B depended
principally on collagen concentration, component C on
residue concentration, and component D on GAG concen-
tration. The regression of each of the components on the
constituent having the principal effect was calculated
(Table 1). The fraction of component A depended linearly
on the collagen-associated water fraction (Fig. 7a). Some
caution should be observed in drawing this conclusion
since the data for NP and AF separated into two clusters.
When the data for NP alone were examined, the depen-
dence was not seen (R2 5 0.20; standard error of estimate
0.013). However, since all values for NP were less than 5%
of the signal, any trend may have been lost in the uncer-
tainty of the measurements. The component B signal
fraction depended linearly on the collagen-associated wa-
ter fraction (Fig. 7b). This conclusion, too, should be

FIG. 5. A T2 relaxation curve obtained for a nucleus pulposus by the
Carr-Purcell-Meiboom-Gill sequence. Inset: the non-negative least
squares T2 distribution derived from the curve. The letters identify the
components.

FIG. 6. The fraction of the T2 components in healthy (H, r—r) and
degenerate (D, s—s) nucleus pulposus (NP) and healthy (j—j)
and degenerate (k—k) anulus fibrosus (AF). Two specimens gave
identical results in panel NP – D.

A Model of Human Intervertebral Disk 39



accepted cautiously because of the separation of the data
into NP and AF clusters and the loss of significance when
data for NP alone were considered (R2 5 0.21). The
component C fraction related linearly to the residue-
associated water fraction (Fig.7c). The values for healthy
and degenerate specimens of NP and AF were distributed
over the range of both variables, lending confidence in the
general applicability of the relationship. The component D
fraction related linearly to the GAG water fraction (Fig. 7d).
The calculated regression was influenced strongly by the
large number of zero values. The data for healthy NP alone
were not significant (P 5 0.30). The data of Fig. 7d
suggested a sigmoid relationship between component D
fraction and GAG-associated water. The transition oc-
curred between GAG-associated water fractions of 0.55 and
0.8, suggesting that in these unloaded disks when the
GAG-associated water protons were below 55%, GAG was
unable to maintain a distinct water environment. The
predominance of component D in healthy NP and of
component C in degenerate NP suggested that degeneration
involved the movement of water from the GAG compart-
ment to the residue compartment. With the possible excep-
tion of component A, the signal fraction did not match the
relevant water fraction suggesting that the relationship
between the mobile signal and the constituent-associated
water was more complex.

The uncertainty of the coefficients relating water to each
tissue constituent, particularly collagen, lent uncertainty
to the relationships of the four water compartments to the
tissue constituents as described above. Therefore, the
relationships of the T2 signal fractions to the weight

concentrations of tissue collagen, GAG and residue were
calculated as well. The fraction of the variance of the signal
accounted for by the concentrations of the constituents (R2)
followed the pattern found when the concentration of
constituent-associated water was used. However, the R2

values were somewhat lower: 0.78 for fraction A and
collagen (P , 0.001), 0.57 for fraction B and collagen (P 5

0.004), 0.75 for fraction C and residue (P 5 0.001), and 0.87
for fraction D and GAG (P , 0.001). This result supports
our hypothesis that the T2 component fractions are related
more closely to the water associated with the tissue
constituents than to the weights of the constituents.

T2 Relaxation Rates Relate to Collagen
and Residue Concentrations

In the absence of exchange effects, the relaxation rates of
each of the four compartments should reflect the environ-
ment of the associated protons. This hypothesis was tested
by an examination of the combined effects of collagen,
GAG, and residue on each of the four T2 relaxation rates.
The proportions of the variances in rate attributable to all
three constituents (R2) were 12%, 59% (P 5 0.07), 14%,
and 41% for components A, B, C, and D, respectively. Only
the data for component B suggested a possibly significant
relationship. The four T2 relaxation rates of the tissues
were all faster than those seen for the 4M guanidinium
chloride-insoluble tissue solids or for purified disk A1
proteoglycan.

The relaxation rate of T2 component B was proportional
to the concentration of the residue in NP only (Fig. 8). The
line of best fit was

1/T2B 5 41.7 (64.2) 1 94.5 (610.9) RESIDUE. [12]

The data for AF did not fall on the line. The water protons
associated with component B, the relative size of which
was determined by the tissue collagen concentration (Eq.
[9]), relaxed in the NP at a rate determined by the concentra-
tion of the residue.

Components C and D, the relative sizes of which were
determined by the GAG and residue concentrations (Eqs.
[10] and [11]), respectively, represent the bulk of the signal
from NP. Therefore, the mean relaxation rate of these two
components, weighted by their fraction in the signal,
corresponds to the signal measured by contemporary clini-
cal scanners. An examination of the effects of collagen,
GAG, and residue concentrations on this relaxation rate
(Fig. 9) revealed that both collagen and residue affected the
variance significantly (P , 0.001 for both):

1/T2CD 5 211.3 (64.2) 1 41.4 (66.7) COLLAGEN

1 36.7 (65.8) RESIDUE. [13]

The bulk of the water protons appeared to occupy an
environment in which the T2 properties were dominated
by collagen and residue. Thus, even though GAG is respon-
sible for the shift of water from component D to component
C during degeneration, the role of GAG in determining the
NMR relaxation rate was negligible.

Table 1
The Dependence of T2 Components on the Composition
of the Disks

T2

component

Probability (P) that coefficient is zero for water
associated with

Collagen GAG Residue

A ,0.001 0.14 0.04
B 0.004 0.55 0.63
C 0.55 0.70 ,0.001
D 0.26 0.001 0.36

*The fraction of each T2 component was fitted to a mixture model of
linear regression. The probability that each coefficient was zero was
calculated. For the highly significant coefficients, the linear regres-
sion of the component fraction on the fraction of constituent-
associated water was calculated. The fitted equations were as
follows:

COMPONENT A 5 20.025 (60.008)

1 1.09 (60.09) COLLAGEN FRACTION [8]

COMPONENT B 5 20.085 (60.026)

1 3.10 (60.30) COLLAGEN FRACTION [9]

COMPONENT C 5 20.114 (60.108)

1 1.77 (60.27) RESIDUE FRACTION [10]

COMPONENT D 5 20.55 (60.29)

1 1.65 (60.44) GAG FRACTION. [11]
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DISCUSSION

Relation to Other Studies

The qualitative agreement between the data obtained in
this study and those reported in similar previous studies is
strong. The relationships between water, collagen and,
with the exception of Weidenbaum et al. (11), GAG concen-
trations agree (2,3) (Eq. [4]). Furthermore, the relationships
between mean 1/T2 and both GAG and collagen concentra-
tions also agree (6,7,11) (Eq. [13]; GAG data not shown).
Thus, the trends in the data observed by this study are
supported by the relevant literature. However, our conclu-
sions differ from those of previous investigators because
several additional aspects of the data have been consid-
ered, namely, the estimation of residue concentration, the
consideration that the concentration of more than one
component may contribute to the NMR results, the inclu-
sion of the solid signal, and the recognition that relaxation
rates increase with an increase in the concentration of
chemical constituents.

Although the number of individual donors is relatively
small, previously published studies relied on multiple
samples from three (11) and four (6) specimens without
distinguishing the relative effects of different donors and of

FIG. 7. The effect of constituent water fractions on the T2 component fractions of healthy (r,j) and degenerate (s,k) nucleus pulposus (r,s)
and anulus fibrosus (j,k). The lines of best fit are shown. a: The effect of collagen water on component A. R 2 5 0.94; P,0.001. Standard error
of estimate 5 0.016. b: The effect of collagen water on component B. R 2 5 0.85; P , 0.001. Standard error of estimate 5 0.055. c: The effect
of residue water on component C. R 2 5 0.82; P , 0.001. Standard error of estimate 5 0.18. d: The effect of glycosaminoglycan (GAG) water
on component D. R 2 5 0.74; P 5 0.013. Standard error of estimate 5 0.23. The dashed line was calculated using the equation: Component
D 5 0.95/(1 1 e225/(GAG water 2 0.7)).

FIG. 8. The effect of residue concentration on the T2 relaxation rate
of component B of healthy (r,j) and degenerate (s,k) nucleus
pulposus (r,s) and anulus fibrosus (j,k). The line of best fit for
nucleus pulposus data is shown: 1/T2B 5 41.7 1 94.5 RESIDUE.
R 2 5 0.95; P 5 0.001. Standard error of estimate 5 5.6 sec21.
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different samples from the same donor. Moreover, the
correlations of strong statistical significance observed here
lend credence to our conclusions. Additional specimens
would seem unlikely to have added appreciable rigor.

Residue

The chemical nature of the residue; that is, the noncolla-
gen, non-GAG component of the dry weight, which aver-
aged 0.34 g/g dry wt, is ill defined. The low molecular
weight solutes of the interstitial fluid were calculated to be
about 0.025 g/g dry wt. The concentration of elastin in
disks is reported to be about 0.015 g/g dry wt (28). The
protein core of the proteoglycan is about 10% of the weight
of its GAG, or 0.030 g/g dry wt. Together, these three
components represent about 20% of the total weight of the
residue. The noncollagenous proteins of the disk have been
estimated to be 0.20 to 0.45 g/g dry wt of NP and 0.05 to
0.25 g/g dry wt of AF (29). Histological studies of the disk
also support the identification of the residue with the
noncollagenous proteins. On examination by electron mi-
croscopy, the spaces between the collagenous fibers of both
NP and AF are filled with granules believed to be proteins;
the occasional collagenous fiber is covered with a thick
sheath of such granules (30,31). Thus, the available data
suggest that the noncollagenous proteins are the major
constituents of the residue.

The residue was found to influence strongly the water
concentration and NMR properties of the disk (Eqs. [4], [5],
[7], [12], and [13]). The finding that the water content of the
tissue decreased as the collagen increased (3,11) is ex-
plained by the observation that the concentration of water
associated with collagen was less than that associated with
GAG and residue (Eq. [4]).

Solid and Mobile Components

In free-induction decay experiments, the fraction of solid
tissue protons was close to the fraction of protons calcu-
lated to be present in collagen and the residue (Eq. [5]).
This finding implies that the residue was either firmly
attached to the collagen fiber meshwork or formed an
independent solid component of the tissue. This conclu-
sion is supported by the observation that 80% of tissue
noncollagenous proteins were insoluble in 0.05M Na ac-
etate buffer, pH 5.8, but were soluble in the same buffer
containing 4M guanidinium chloride (32). The need to use
acid hydrolysis to estimate the nitrogen concentration in
the tissue (29) also supports this conclusion. In contrast,
the fraction of mobile protons was close to the fraction of
protons associated with water and GAG, as would be
expected from the solubility of proteoglycan in the tissue
water (Eq. [6]).

T1 and T2 Relaxation Rates

Pure water has T1 and T2 relaxation times of about 3 sec.
The observation of much shorter T1 and T2 relaxation times
in disks reflects interactions between water and other
tissue constituents. The observation of a primarily single
exponential decay for T1 indicates that all the water in
disks diffuses sufficiently far, on the T1 time scale of about
1 sec, that on average it experiences a homogeneous
environment. Furthermore, magnetization exchange be-
tween nonaqueous and aqueous components of the disk
was rapid on the T1 time scale. On the shorter T2 time
scales, our measurements distinguished four distinct T2

components. Therefore, at least for times of the order of
1–50 msec, water molecules experience a heterogeneous
environment. If the diffusion coefficient for water were
known, these time scales could be replaced by distance
scales. Literature values of about 0.5–2 3 1025 cm2/sec for
the water diffusion coefficient in disks (33) have been
obtained at diffusion times of about 90 msec. Assuming
that these diffusion coefficients are lower limits, the shorter
T2 components correspond to diffusion distances of 3–15
µm, distances corresponding reasonably with the dimen-
sions of disk structures such as collagen fiber bundles. The
longer time scale of T1, over which the disk appears
homogeneous to diffusing water molecules, corresponds to
distance scales of about 100 µm. Restricted water diffusion
or exchange between different water environments would
blur these ranges.

The dependence of 1/T1 on collagen and residue (Eq. [7])
in disks suggests that GAG, which is undergoing consider-
able motion, has minimal effect upon the water relaxation
rate in the disk. This conclusion is supported by the fact
that the 1/T1 measured in viscous solutions of disk A1
proteoglycan were much smaller than those found when
GAG was present at similar concentrations in the disk
(Data not shown).

The bulk of the water in the NP, which contributed to the
mean T2 relaxation of components C and D, was associated
with GAG and residue, while the smaller A and B compo-
nents were associated with collagen (Fig. 7). The fraction of
signal in T2 component A could probably be assigned to
water tightly associated with collagen fiber bundles. The
proton fraction of component A corresponded to 0.3 g

FIG. 9. The observed amplitude weighted mean relaxation rate of
components C and D in healthy (r,j) and degenerate (s,k) nucleus
pulposus (r,s) and anulus fibrosus (j,k) compared with values
calculated from the equation 1/T2CD 5 211.3 1 41.4 COLLAGEN 1

36.7 RESIDUE. R 2 5 0.86; P , 0.001. Standard error of estimate 5 3
sec21. The line represents equal observed and calculated values.
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water/g collagen. (NP water 5 2.74 g/g dry wt; fraction of
water protons in component A 5 0.03; NP water in
component A 5 2.74 3 0.03 5 0.08 g/g dry wt; NP
collagen 5 0.31 g/g dry wt; NP water/g collagen 5 0.08/
0.31 5 0.3 g water/g collagen) A similar T2 component (0.4
g/g collagen) was found in collagen from pig tendon (34).

A Model of Disk Architecture

The NMR data can be summarized in a model that includes
current knowledge of disk morphology and chemical con-
stitution (Fig. 10). The T2 relaxation rates suggest proton
diffusion distances within water environments of the order
of a few µm, distances resolvable by light microscopy. The
T1 data suggest further that the tissue should appear
homogeneous on a scale of 100 µm, roughly the height of
the outlines of the schematic in Fig. 10.

The free induction decay data indicated that the collagen
of the tissue was solid (Eq. [5]). Since collagen molecules
have a diameter of 1.5 nm, many such molecules would be
present in the tissue structure of a few µm dimension
responsible for T2 component A. The location of this water
must be within the interstices of the ordered bundles of
collagen molecules (35,36). The three-fold larger pool of
water associated with collagen concentration in T2 compo-
nent B seems likely to be located in the spaces between the
collagenous fiber bundles, spaces that are less well ordered
than the bundles themselves (cf. Eqs. [8] and [9]). Collagen
comprises a much larger fraction of the tissue volume in
the AF than in the NP, accounting for the larger contribu-
tion of T2 components A and B to the relaxation rate of the
AF relative to NP (Fig. 10).

The free induction decay experiments also identified the
residue as a solid component of the disk (Eq. [5]). This
observation suggests that the residue formed a space-
occupying structure sterically excluding proteoglycans
and sufficiently rigid to resist compression by the colloid
osmotic pressure generated by the proteoglycans. The
water in this compartment is responsible for the T2 compo-

nent C (Eq. [10] and Fig. 10). The remaining water, repre-
sented by component D, would contain the proteoglycans,
the source of GAGs, the bulk of which are soluble in tissue
water and would be distributed randomly in this space (Eq.
[11] and Fig. 10). In the AF and degenerate NP, for which
the signal from component D is not seen, the concentration
of proteoglycan (GAG) is too low to form a distinct water
compartment (Fig. 7).

CONCLUSIONS

This study has demonstrated that the solid components of
the disk are responsible for most of its NMR properties. To
a large extent, the same relationships between NMR relax-
ation rates and chemical constitution hold for both NP and
AF, suggesting that these two tissues represent a general-
ized disk structure comprising an insoluble meshwork of
collagen and residue with an intercalated solution of
proteoglycan. As disks degenerate, these same relation-
ships are maintained. We expect that this work will help to
increase specificity in the application of magnetic reso-
nance techniques to the study of disk.

A work published since the submission of this article
(37) presents data for 92 disks that support the relation-
ships between T1, T2, water, GAG, and collagen described
here. In healthy NP, T1 and T2 were positively correlated
with water and GAG concentrations and negatively corre-
lated with collagen concentration.
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FIG. 10. A tentative model of disk architec-
ture. The letters A, B, C, and D represent the
suggested locations of the water protons
associated with the corresponding T2 compo-
nents. The areas of each component in the
schematic show roughly the fraction of tissue
protons each represents.
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