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ORIGINAL
RESEARCH

MR Imaging Assessment of Lumbar Intervertebral
Disk Degeneration and Age-Related Changes:
Apparent Diffusion Coefficient versus T2
Quantitation

G. Niu
J. Yang

R. Wang
S. Dang
E.X. Wu
Y. Guo

BACKGROUND AND PURPOSE: T2 and ADC mappings are 2 quantitative MR imaging tools for assess-
ing IVDD. This study aimed to compare these 2 measures in detecting IVDD and its age-related
changes.

MATERIALS AND METHODS: Thirty-seven asymptomatic volunteers and 28 patients with back pain or
sciatica were examined, and their lumbar disk T2 and ADC maps were quantified via sagittal imaging
protocols at 1.5T. For all participants, the Pfirrmann system was used by 2 radiologists for grading
disks. T2 and ADC values in the inner portion of disks were measured, and their variances in different
grades were analyzed by 1-way ANOVA testing. The ability of T2 and ADC measures to differentiate
IVDD grades was compared on the basis of their ROC curves. For asymptomatic subjects, the
correlations between age and the 2 MR imaging measures were assessed by the Pearson correlation
test.

RESULTS: Both T2 and ADC values were found to decrease with the increasing Pfirrmann grades
except T2 in grade V. Significant T2 differences were seen among grades I-IV, but not between grades
IV and V. There were no significant ADC differences among grades I-III. Moreover, the areas under the
ROC curves differed significantly (0.95 and 0.67 for T2 and ADC, respectively). Linear regression
analysis revealed that T2 yielded more significant correlation with age (r � �0.77) than ADC did (r �
�0.37).

CONCLUSIONS: T2 quantitation provides a more sensitive and robust approach for detecting and
characterizing the early stage of IVDD and age-related disk changes.

ABBREVIATIONS: ADC � apparent diffusion coefficient; ANOVA � analysis of variance; IVDD �
intervertebral disk degeneration; ROC � receiver operating characteristic analysis; T2WI � T2-
weighted imaging

IVDD is a leading cause of lumbar spine�related low back
pain.1 Several imaging techniques have been used to detect

IVDD. Radiography and conventional CT are the 2 common

imaging methods for evaluation of disk morphology and re-
active bony changes.1,2 However, the biochemical events dur-
ing early IVDD, including the breakdown of large aggregating
proteoglycan gels and extracellular matrix degradation, occur
before the morphologic changes and alterations in biome-
chanical properties. Therefore, the 2 aforementioned methods
are generally unable to detect IVDD at an early stage.2

MR imaging can reflect both the macromolecular concen-
trations and the structural integrity in the intervertebral disk
and has been considered the best noninvasive method of char-
acterizing IVDD in humans and animal models in vivo.3,4

Conventional clinical MR imaging emphasizes the signal in-
tensity and morphologic changes of intervertebral disks in
T2WI.3 Investigators have reported several IVDD classifica-
tion systems based on sagittal T2WI,5-7 among which the
Pfirrmann scoring system is widely used as an accredited stan-
dard in both research and preliminary clinical applications.8-15

It is a subjective rating system and can provide a semiquanti-
tative assessment of IVDD in vivo.8,12-14 For further quantita-
tive evaluation of IVDD based on the biochemical changes in
disks, several MR imaging techniques have been developed. They
include dynamic contrast MR imaging,9 magnetization transfer
imaging,16 T1 measurement,17 T2 measurement,10-14,17-21

T1� imaging,13,15,22 MR spectroscopy,2 and diffusion-
weighted imaging.8,19,23-25 These recently proposed tech-
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niques aim to quantitatively detect early degenerative changes
in the matrix content of intervertebral disks.

The lumbar intervertebral disk is the largest avascular
structure in a human body. Nutrition depends on the diffu-
sion of fluid either from the vertebral bodies across cartilagi-
nous endplate or through the annulus fibrosus from the sur-
rounding capillaries.26 ADC, a quantitative parameter
calculated from diffusion-weighted imaging, is sensitive in de-
tecting the molecular diffusibility in tissue. Previous studies
have demonstrated that decreased diffusion is associated with
a reduction in nutrient supply in IVDD.27 ADC mapping
could reflect the degenerative changes of disk matrix compo-
sition and integrity.23-25 Moreover, the signal intensity of
T2WI in the disk was found to correlate with the ADC values.8

The quantitative T2 has been reported to reflect the molec-
ular environment in the disk, which consists of water, pro-
teins, fat, collagen, and other solutes. Increased disk water or
glycosaminoglycan content, the primary component of pro-
teoglycan, is associated with increased T2, whereas increased
collagen content contributes to decreased T2.20 Numerous
studies have revealed that degenerating intervertebral disks
have shorter T2 values than normal disks11,12 and that T2 cor-
relates with the Pfirrmann grades.14 Moreover, disk T2 varies
with age,18 magnitude, or duration of compression21 and di-
urnal variation.19 Therefore, T2 may serve as a potential quan-
titative and sensitive biomarker for detecting the IVDD at an
early stage.

At present, T2 and ADC are the 2 major MR imaging mea-
sures for the quantitative evaluation of IVDD. There has been
no study so far to evaluate and compare their clinical perfor-
mance in the assessment of intervertebral degenerative disk
disease. The primary aim of the current study was to evaluate
the correlation between the Pfirrmann grades and these 2 MR
imaging measures and to determine which technique is more
sensitive in detecting the early stage of IVDD. The secondary
aim was to evaluate how T2 and ADC vary with age in a well-
defined asymptomatic population and to acquire further evi-
dence on which measure is more suitable for detecting age-
related lumbar intervertebral disk degeneration. The results of
this study would contribute to establishing the optimal clinical
diagnosis paradigm in IVDD management.

Materials and Methods

Subjects
This prospective study was approved by the local institutional review

board. All participants were informed of the aims and risks of MR

imaging, and written consent was obtained before enrollment. They

were consecutively recruited and studied from September 2009 to

May 2010. The subjects were excluded if they had diabetes mellitus,

major systemic disease, serious illness (eg, tumor, infection), back

surgery, spinal fractures, or osteoporosis. They consisted of asymp-

tomatic volunteers and patients with back pain and/or sciatica. The

inclusion criteria of patients were the presence of significant back

pain, which was defined as a pain in the low back for �2 weeks and

severe enough to require physician consultation or treatment.28

Moreover, inclusion criteria of asymptomatic volunteers referenced a

report by Pfirrmannet al,29 which observed the process of normal

aging in the lumbar disks, as follows: 1) no back pain within the last 5

years, 2) never absent from work because of low back pain, and 3) no

history of consulting a physician because of low back pain.

MR Imaging
Lumbar spine imaging was performed on a whole-body 1.5T clinical

scanner (Gyroscan, release 9.1.2; Philips Healthcare, Best, the Neth-

erlands). All MR images in this study were obtained in the afternoon

to minimize the diurnal variation of ADC and T2 values in the inter-

vertebral disks.19

The conventional lumbar MR images were acquired with a

4-channel cervical-thoracic-lumbar spinal radio-frequency coil (Syn

spine, Philips Healthcare) by T2WI using a fast spin-echo sequence in

sagittal and axial orientations. The scanning parameters were as fol-

lows: TR/TE � 3500/120 ms, thickness � 4.0 mm, FOV � 325 mm,

matrix � 512 � 512, number of signal-intensity acquisitions � 4,

turbo factor � 17, number of sagittal sections � 11, number of axial

sections in each disk � 3, and acquisition time � 4 minutes 29 sec-

onds. In addition, the sagittal T1-weighted imaging was performed by

using a fast spin-echo sequence with TR/TE � 400/14 ms, thickness �

4.0 mm, FOV � 256 mm, matrix � 512 � 512, number of signal

intensity acquisitions � 2, turbo factor � 3, number of sections � 11,

and acquisition time � 2 minutes 56 seconds. The sagittal T2WIs

were used for the visual Pfirrmann grading of IVDD.

The sagittal diffusion-weighted images of the lumbar spine were

obtained by using a single-shot spin-echo echo-planar imaging se-

quence coil with the diffusion gradient applied in 3 orthogonal direc-

tions, respectively, from which the average ADC map was calculated.

In theory, the optimal b-value should be in the range of the inverse of

the mean ADC of the tissue examined (1.99 � 10�3 mm2/s for disk) to

obtain the optimal signal intensity–to-noise ratio in the diffusion

map.19 For this reason, a b-value of 500 s/mm2 was used in this study.

Other parameters were the following: TR/TE � 3000/81 ms, thick-

ness � 6.0 mm, FOV � 250 mm, matrix � 256 � 256, and number of

signal intensity acquisitions � 8. The total scanning time was 3 min-

utes 24 seconds for 3 sections passing through the middle of the lum-

bar spine.

T2 mapping was performed by a hybrid turbo sequence with 2

effective TEs per acquisition by using a body radio-frequency coil.

This hybrid turbo (turbo-mixed) sequence consists of interleaved

spin-echo and inversion-recovery acquisitions and has the ability to

map the T1 and T2 values from a single measurement.30 We used the

following parameters: TR/TE1/TE2 � 3500/5.88/100 ms for spin-

echo acquisitions, TR/TE1/TE2 � 2500/5.88/100 ms and TI � 500 ms

for the inversion-recovery acquisitions, turbo factor � 22, FOV �

250 mm, section thickness � 8.0 mm, matrix � 230 � 256, recon-

struction matrix � 512 � 512, number of signal-intensity acquisi-

tions � 2, and anterior saturation bands. A single midline sagittal

section was positioned parallel to each lumbar intervertebral disk

from L1–2 to L5-S1. The scanning time was 2 minutes 16 seconds. T2

maps were computed on the basis of the least-squares fitting algo-

rithm by using the software tools provided by the MR imaging system

vendor.

Pfirrmann Grading of Disks
IVDD grading was performed in the sagittal T2WI by 2 experienced

radiologists (with 17 and 13 years of experience, respectively, in MR

imaging of the spine). They independently reviewed each interverte-

bral disk by the Pfirrmann criteria from L1–2 to L5-S1. Note that the

grading system was primarily based on the changes of signal intensity
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in the nucleus, distinction between the nucleus and annulus, and disk

height.2,7,31 However, it was not used as a criterion for grades I and II,

in which the signal intensity of the intervertebral disk was generally

isointense to that of CSF (Table 1).2,31

To estimate the intraobserver and interobserver reliability, the 2

radiologists, without knowledge of the findings on ADC and T2 maps,

reviewed each case twice with a 3-week time lapse. Individual results

from the 2 reviewers were tabulated and compared. If any disagree-

ment occurred during the reviews on the Pfirrmann grade, the sagittal

T2WI would be reviewed together by the 2 radiologists to reach a

consensus.

Region-of-Interest Setting
All data were transferred to the imaging workstation (EasyVision,

Philips Healthcare) for analysis. A radiologist with �5 years’ ex-

perience in spine MR imaging delineated the region of interest in

the disks twice within a 2-week interval. For disks with Pfirrmann

grades I and II, an elliptic region of interest, on the middle section

of the sagittal T2WI, was manually drawn on the inner portion of

each lumbar disk with areas of 60�80 mm2 to cover the nucleus

pulposus and inner annulus fibrosus, which had high signal inten-

sity on T2WI.3 For disks with Pfirrmann grades III, IV, and V,

where the boundary between the inner portion and the outer annulus

fibrosus was not clearly distinguishable, an irregular region of interest

was delineated by the operator according to the expected location of the

inner portion.14 These regions of interest on T2WI were copied to the

ADC and T2 maps at same level (Fig 1), and T2 and ADC values were

measured as mean � SD.

Statistical Analysis
To evaluate the reliability of Pfirrmann grading, we tested intraob-

server and interobserver agreements by using � statistics. The level of

agreement was assessed by complying with the criteria of � values

reported by Landis and Koch32 as follows: negative � value for poor

agreement, 0.00 – 0.20 for slight agreement, 0.21– 0.40 for fair agree-

ment, 0.41– 0.60 for moderate agreement, 0.61– 0.80 for good agree-

ment, and �0.81 for excellent agreement.

A paired 2-tailed Student t test was used to compare the T2 and

ADC values between the patient and volunteer groups. Moreover,

the variations of T2 and ADC values with age were analyzed by the

Pearson correlation in the asymptomatic group. The degree of

correlation was assessed as follows: absolute correlation coeffi-

cient (r): r � 0.7 as strong, 0.5 � r � 0.7 as moderate, and r � 0.5

as weak.

To determine the statistical differences of T2 and ADC values

between the different Pfirrmann grades, 1-way ANOVA was used

with the Student Newman-Keuls test. Moreover, ROC curves were

plotted to test the sensitivity and specificity of T2 and ADC measures

Table 1: The modified Pfirrmann grading of disk degeneration

Grade Structure
Distinction of Nucleus Pulposus

and Annulus Fibrosus Signal Intensity
Height of Intervertebral

Disk
I Homogeneous, bright white Clear Hyperintense Normal
II Inhomogeneous with or without horizontal bands Clear Hyperintense Normal
III Inhomogeneous, gray Unclear Intermediate Normal-to-slight decrease
IV Inhomogeneous, gray to black Lost Intermediate to hypointense Normal-to-moderate decrease
V Inhomogeneous, black Lost Hypointense Collapsed disk space

Fig 1. Illustration of regions of interest for T2 and ADC measurements in a 20-year-old man with low back pain. The elliptic regions of interest with red dotted lines are manually delineated
in T2WI at the center of lumbar disks to cover the nucleus pulposus and inner annulus fibrosus from L1 to L4. The irregular regions of interest for L4-S1 were selected by the operator
according to the expected location of inner portion of lumbar disks. Then these regions of interest in T2WI were copied to the ADC and T2 maps, and T2 and ADC values were measured.
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for assessing Pfirrmann grading. Areas under the ROC curve were

calculated. The statistical difference between T2 and ADC measures

for assessing Pfirrmann grading was determined by a U-test. All tests

above were considered significant with P � .05. All statistical analyses

were performed by using the Statistical Package for the Social Sciences

for Windows, Version 13.0.0 (SPSS, Chicago, Illinois).

Results
According to the inclusion and exclusion criteria in this study,
37 asymptomatic volunteers (25 men and 12 women; mean
age, 40 years; median age, 47 years; age range, 21–73 years) and
28 symptomatic patients (10 men and 18 women; mean age,
49 years; median age, 40 years; age range, 20 –74 years) were
recruited.

Pfirrmann Grading
A total of 325 intervertebral disks were categorized as
Pfirrmann grades I (n � 43), II (n � 136), III (n � 89), IV (n �
49), and V (n � 8). Except for 1 disk due to susceptibility
artifacts, 324 disks were successfully measured for T2 values.
Three hundred nineteen disks were measured for ADC values
with confidence, and 6 disks were excluded because 4 disks at
L4-L5 had susceptibility artifacts, whereas the other 2 disks at
L5-S1 were grade V and too narrow to define regions of inter-
est reliably.

Regarding the Pfirrmann grading reproducibility by the 2
readers, the intraobserver test yielded � values ranging from
0.795 to 0.822, whereas the interobserver test produced � val-
ues of 0.675– 0.812 (Table 2). The main reason for disagree-
ment in grading disks was the difficulty in distinguishing the
inner portion and outer annulus fibrosus.

T2 and ADC Values: Volunteers versus Patients
The mean T2 value in the 139 disks from the patient group was
97 � 35 ms. It was significantly less than that in the 185 disks
from the volunteer group (115 � 42 ms, 34% reduction, P �
.001). Similarly, the mean ADC value in the 134 disks from the
patient group was significantly lower than that in the 185 disks
from the volunteer group (1.93 � 0.36 � 10�3 mm2/s versus
2.03 � 0.40 � 10�3 mm2/s, 10% reduction, P � .001).

Correlation with Age: T2 versus ADC
A well-defined asymptomatic population of volunteers was
recruited and divided into 5 groups according to age (Table 3).
Both T2 and ADC values in their lumbar disks were found to
correlate with age (Fig 2). Linear regression analysis revealed

that T2 exhibited a more significant inverse correlation with
age (r � �0.77, P � .01) than ADC (r � �0.37, P � .01).

Assessment of Pfirrmann Grading: T2 versus ADC
A typical set of disks containing the Pfirrmann grades I, II, III,
and IV are shown in Fig 1, with their T2 and ADC maps. For all
disks from volunteers and patients, the mean and individual
T2 and ADC values for each Pfirrmann grade are shown in
Table 4 and Fig 3. Both T2 and ADC decreased with the in-
crease of Pfirrmann grades except T2 in grade V. As shown in
Fig 3A, significant differences in T2 were observed between
any 2 grades (ANOVA, P � .05) except between grades IV and
V (ANOVA, P � .05). Figure 3B shows the significant differ-
ences in ADC found between grades I and IV, grades II and IV,
grades III and IV, and grades IV and V (ANOVA, P � .05). No
significant differences in ADC were seen between grades I and
II and II and III (ANOVA, P � .05). These results indicate that
T2 is more sensitive than ADC in detecting the early stage of
IVDD and that the ability exists for T2 and ADC maps to
distinguish the different Pfirrmann grades with a significant
difference. As shown in Fig 4, the areas under the ROC curves
were 0.95 (SE � 0.014) and 0.67 (SE � 0.036) for T2 and ADC,
respectively. Their difference was statistically significant as de-
termined by the U-test (P � .05). This finding further suggests
that T2 offers a more robust measure to differentiate IVDD
stages than ADC.

Discussion
In this prospective study, T2 and ADC values in the inner
portion of lumbar intervertebral disks were measured in
symptomatic patients and asymptomatic volunteers and then
compared against the Pfirrmann grades. Their negative corre-
lations with disk-degeneration grades were demonstrated.
More important, the results indicated that T2 was more sen-
sitive than ADC in differentiating Pfirrmann grades I, II, and
III. To the best of our knowledge, the present study is the first
to use a well-defined asymptomatic population to examine the
age-related T2 and ADC changes in the inner portion of inter-
vertebral disks. Linear regression analysis of T2 versus age
demonstrated a more significant inverse correlation than that
of ADC versus age. These results indicate that compared with
ADC, T2 is a more sensitive and robust measure for quantita-
tively detecting early stage and age-related changes in IVDD.

In the present study, mean ADC values in the inner portion
of disks were close to those reported in studies by Kealey et al24

and Niinimäki et al,8 who used the sagittal plane for diffusion-
weighted imaging and b-values of 400 and 500 s/mm2, respec-
tively. However, our measurement of mean ADC in normal
disks was higher than those previously reported by Kurunlahti

Table 2: Intraobserver and interobserver agreement and reliability
of the Pfirrmann grading

Observers

Agreement (%)

�
Value

Grade
I

Grade
II

Grade
III

Grade
IV

Grade
V

Intraobserver
A1-A2 76.7 89.0 83.1 71.6 87.5 0.795
B1-B2 90.7 91.2 79.8 51.0 87.5 0.822

Interobserver
A1-B1 72.1 83.8 75.3 51.0 87.5 0.675
A1-B2 74.4 89.7 75.3 61.2 87.5 0.730
A2-B1 86.0 86.8 80.9 53.1 87.5 0.722
A2-B2 90.7 94.1 83.1 63.3 87.5 0.812

Table 3: T2 and ADC values in different age groups of asymptomatic
volunteers

Age Group
(yr) No. %

T2 (ms)
(mean)

ADC (�10�3 mm2/s)
(mean)

20–29 8 21.6% 164 � 31 2.09 � 0.25
30–39 10 27.0% 122 � 30 2.07 � 0.24
40–49 8 21.6% 115 � 25 2.25 � 0.22
50–59 5 13.5% 84 � 26 1.96 � 0.34
�60 6 16.2% 65 � 16 1.64 � 0.64
Total/average 37 100% 115 � 42 2.03 � 0.40
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et al33 and Kerttula et al.34,35 In our study, mean ADC values in
normal disks (grades I and II) ranged from 2.13 � 0.23 � 10�3

mm2/s to 2.16 � 0.19 � 10�3 mm2/s; in these previous studies,
these values ranged from 1.38 � 10�3 to 1.60 � 10�3 mm2/s in
the x, y, and z directions. This difference may arise from the
varying partial volume effects because of their use of the axial
plane for diffusion-weighted imaging. Moreover, ADC values
decreased with the increase of the Pfirrmann grade and age in
our study. These are in disagreement with the study by Niin-
imäki et al.8 In that study, only disk levels L3-L4, L4-L5, and
L5-S1 were analyzed in middle-aged men; Pfirrmann grade I
disks were not observed and grade II disks were, in a consensus
reading, reclassified as grade III.8 Therefore, the discrepancies
may be attributed to the different study populations, different
sampling of disk levels, and different grading criteria.

In previous studies,10,12,14 disk T2 was measured with a
relatively long acquisition time by using a multiecho spin-
echo sequence, making its routine clinical use difficult for de-
tection of early IVDD. In this study, T2 mapping with high
spatial resolution (0.49 � 0.49 mm2) and a short scanning
time (2 minutes 16 seconds) was performed by using a hybrid
turbo sequence with 2 effective TEs, which has been proved
feasible and relatively accurate for T2 mapping in cartilage.30

Our preliminary evaluation of the specific T2 mapping se-
quence used in the current study indicated that its measure-
ment of T2 in intervertebral disks is within �2.5% of that
measured by a 22-echo spin-echo sequence (data not shown).
Moreover, the mean T2 values for Pfirrmann grades II-V in
this study (128 � 22 ms to 58 � 12 ms) were close to those of
a recently published study (108 � 23 ms to 53 � 11 ms),14

further corroborating the applicability of this fast sequence for
T2 mapping in IVDD. In another recent study,13 T2 in the
disks of various Pfirrmann grades (grades I-IV, 92.3 � 27.2 ms
to 37 � 0 ms) was substantially lower than that in the current
study, most likely because of the 3T field used and the different

composition of subjects examined. The magic angle effect is
known to increase regional T2 values when collagen fibers are
oriented 54.7° relative to the orientation of the static magnetic
field (B0).36 This effect can be present inevitably in the annulus
fibrosus, especially near its surface.30 Given this scenario, the
regions of interest in the present study only circumvented the
nucleus pulposus and inner annulus fibrosus.

In the present study, T2 values were found to decrease with
the extent of disk degeneration except in grade V (Table 4);
actually there was no significant difference between grades IV
(58 � 12 ms) and V (59 � 10 ms). The findings of our study
were mainly consistent with those of several previous stud-
ies.13,14 Moreover, the age-related reduction in T2 is associated
with decreasing glycosaminoglycan and water content.37

Therefore, the inverse correlation between age and T2 has
been observed in the current study and several previous stud-
ies.10,14 Because it is difficult to distinguish a painful degener-
ated (ie, pathologic) disk from one with age-related physio-
logic changes, a well-defined asymptomatic population was
recruited for the current study in examining the effect of aging
on T2. The population was different from that in a previous
study by Marinelli et al,14 which observed the inverse correla-
tion between age and T2 only for grade II disks in 20 patients
with back pain or radiculopathy. Although asymptomatic vol-
unteers were recruited and analyzed by Watanabe et al,10 the
age distribution in that study had a narrow range of 20 – 44
years (mean age, 31.8 � 8.1 years) compared with that in our
study.

The principal finding from the current study is that T2 and
ADC measures differ substantially in their respective ability to
distinguish Pfirrmann grades, as manifested by the signifi-
cantly different areas under the ROC curves (Fig 4). Further-
more, the T2 measure is more sensitive in differentiating the
early stages of IVDD between grades I and III (Fig 3). This
finding may be attributed to the different biophysical proper-
ties probed by 2 MR imaging measures during IVDD. The T2
value in the intervertebral disk is known to be sensitive to
water content and the composition of the collagen network
structure. It is influenced by both rotational and translational
motion by dipole-dipole interaction of water molecules in the
collagen matrix.11-13,20 On the other hand, ADC is a parameter
that is sensitive to both restricted diffusion of bound water in
tissues and free water diffusion. Diffusion MR imaging merely
reflects the translational motion of protons at the microscopic
level.35 Thus, ADC may not perform better than T2 in evalu-
ating water and collagen content, though it allows an indirect

Fig 2. The correlations of the T2 and ADC measurements in lumbar disks with age in asymptomatic volunteers. The solid line represents the regression line.

Table 4: The mean of T2 and ADC values in the different Pfirrmann
grades

Grade No.
T2 (ms)
(mean) No.

ADC (�10�3 mm2/s)
(mean)

I 43 166 � 23 43 2.16 � 0.19
II 135 128 � 22 136 2.13 � 0.23
III 89 79 � 16 89 1.96 � 0.32
IV 49 58 � 12 45 1.58 � 0.48
V 8 59 � 10 6 0.99 � 0.60
Total 324 107 � 40 319 1.99 � 0.38
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evaluation of disk-matrix composition and integrity. In a pre-
vious study, T2 was found to decrease dramatically in the nu-
cleus pulposus from morning to evening, while no significant
ADC change was detected, suggesting that ADC is a relatively
insensitive measure for characterizing subtle changes of water
and collagen content in the nucleus pulposus.19 Several studies
have shown that the age-related IVDD can be detected by T2
changes, and age-related reduction in T2 is associated with
decreasing glycosaminoglycan and water content.20,37,38 Using
a well-defined asymptomatic cohort, the current study dem-
onstrated a strong negative correlation between T2 and age
(r � �0.77) in contrast to the weak negative correlation be-
tween the ADC value and age (r � �0.37), which clearly indi-
cates the superior sensitivity of T2 in detecting intervertebral
disk aging.

The current study had several limitations. First, a selection
bias might exist in the enrollment of participants in all clinical
prospective studies, which cannot be fully removed. The fol-
lowing measures were taken to minimize the effect of such
selection bias in this study: First, we established the same ex-
clusion criteria for all participants in the asymptomatic and
symptomatic groups. Such exclusions included diseases such
as diabetes mellitus, major systemic disease, tumor, infection,
back surgery, spinal fractures, and osteoporosis, in which back
pain or/and sciatica is one of the complications and the inter-
vertebral disk is prone to degeneration.39-41 Moreover, the
well-documented inclusion criteria were respectively applied
for both asymptomatic volunteers and patients with back pain
or/and sciatica. Second, the equivalence of age ranges and the

balanced age distribution were achieved in the asymptomatic
and symptomatic groups. Third, because a study with a low
level of participation is more vulnerable to subject-selection
bias,42 a face-to-face interview was performed in the current
study by a trained radiologist to minimize the drop-out rates
(�7%) in this study.

One major limitation in the current study was the lack of a
criterion standard for staging IVDD. The ideal standard
should assess intervertebral disks by biochemical and histo-
logic methods, which was not feasible in this clinical and in
vivo study. Up to now, several methods have been devised to
stage disk degeneration.5,7,10,43 The Pfirrmann grading system,
as a noninvasive, simple, and convenient MR imaging
method, can provide a morphologic and semiquantitative
evaluation of IVDD in vivo, and it exhibits good intrareader
and inter-reader reliability.7-15,22 In the current study, the in-
terobserver and intraobserver reliability was good or excellent
(� value ranges of 0.675– 0.812 and 0.795– 0.822, respectively).
In the research field, this staging system has been widely ac-
cepted as the control criterion for assessing the degree of ac-
curacy by several quantitative methods in the detection of
IVDD, such as T2 and ADC measurement.8,10,12-14 Neverthe-
less, this grading method is a subjective rating system and may
introduce an inevitable bias.

Another limitation was the manual delineation of the re-
gions of interest to cover the inner portion of intervertebral
disks. This could have introduced subjectivity and bias, espe-
cially when the central region was poorly differentiated from
the outer annulus fibrosus in disks of Pfirrmann grades III-V.

Last, the T2 and ADC values used to differentiate the
Pfirrmann grades and the age ranges are important in quan-
titative assessment of degeneration and age-related changes
in the intervertebral disks, which can play a value role in
clinical practice. However, the sample size in the current
study, especially after further grade or age classification,
was not adequate for computing the positive and negative
predictive values of T2 and ADC for different Pfirrmann
grades and age ranges. Multicenter studies remain to be
conducted with larger sample sizes, more rigorous designs,
and evidence-based reviews.

Conclusions
Our results demonstrated that T2 and ADC values in lumbar
intervertebral disks negatively correlated with the Pfirrmann
grades in IVDD and age-related disk degeneration. More im-
portant, T2 provides a more sensitive and robust MR imaging

Fig 3. T2 and ADC measurements versus Pfirrmann grading.

Fig 4. ROC curves of T2 and ADC in assessing the Pfirrmann grading. Note that the areas
under the curves are computed. Their difference is statistically significant (U-test, P � .05).
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measure for quantitatively detecting the early stage and aging-
related changes in IVDD.
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