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Abstract

Background: To investigate the potential of T2 mapping for characterizing the process of intervertebral disc
degeneration (IDD) in a rabbit model.

Methods: Thirty-five rabbits underwent an annular stab to the L4/5 discs (L5/6 discs served as internal normal
controls). Degenerative changes were graded according to the modified Thompson classification and quantified in
T2 respectively at pre-operation, 1, 3, 6, 12 and 24 weeks postoperatively. After MRI analysis, expression analysis of
aggrecan and type II collagen gene in nucleus pulposus (NP) was performed using real time polymerase chain
reaction (real-time PCR). The longitudinal changes in NP T2 and gene expressions were studied by repeated
measures and ANOVA, linear regression was performed for their correlations through the process of IDD. The
reliability analysis of method of measurement of NP T2 was also performed.

Results: There was a strong inverse correlation between NP T2 and Thompson grades (r = −0.85). The decline of
L4/5 NP T2 through 24 weeks was nonlinear, the most significant decrease was observed in 3 weeks
postoperatively (P<0.05). The tendency was confirmed at gene expression levels. NP T2 correlated strongly with
aggrecan (R2 = 0.85, P<0.01) and type II collagen (R2 = 0.78, P<0.01) gene expressions. The intraclass correlation
coefficients for interobserver and intraobserver reliability were 0.963 and 0.977 respectively.

Conclusions: NP T2 correlates well with aggrecan and type II collagen gene expressions. T2 mapping could act as
a sensitive, noninvasive tool for quantitatively characterizing the process of IDD in longitudinal study, help better
understanding of the pathophysiology of IDD, assist us to detect the degenerative cascade, and develop a
T2-based quantification scale for evaluation of IDD and efficacy of therapeutic interventions.
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Background
Degenerative disc disease (DDD) is considered as the
most common cause of low back pain, even though the
pathophysiological correlation between pain and disc de-
generation is not fully understood [1]. Intervertebral disc
degeneration (IDD) is characterized by a decrease in
proteoglycan content resulting in loss of hydration in
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the central nucleus pulposus (NP) and collagen degrad-
ation, which eventually lead to morphologic changes and
alterations in biomechanical properties [2]. T2-weighted
magnetic resonance imaging (MRI) is a well-established
method for semiquantitative evaluation of IDD, allowing
for a grading of IDD by several conventional grading
systems with a scale of three to five grades [3] based on
morphological changes or changes in the degree and
area of signal intensity. T2-weighted MRI is competent
to detect late IDD including a loss of T2-weighted MRI
signal, disc bulge or herniation and narrowing of disc
space, however, it is limited in detecting subtle biochem-
ical changes as representative of early IDD [4]. In
. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.

mailto:swyx718323@163.com
http://creativecommons.org/licenses/by/2.0


Figure 1 Illustration of the color-based method for NP T2 measure. (a, b) To obtain clear indication of NP contour. (c) To draw the contour
of NP along the largest concentric circle as the region of interest. (d) NP T2 of the corresponding region of interest in T2 mapping image can be
computed automatically.

Table 1 Sequence of primers used for real-time PCR
analysis

Gene Sequence (5′-3′) Product size (bp)

Aggrecan F: TAAACCCGGTGTGAGAACCG
176

R: CCTGGGTGACAATCCAGTCC

Collagen II F: GGATAGACCCCAACCAAGGC
122

R: GCTGCTCCACCAGTTCTTCT

GAPDH F: GGAATCCACTGGCGTCTTCA
122

R: GGTTCACGCCCATCACAAAC
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addition, this method for evaluation is visual, subjective,
and inaccurate because the signal intensity and morpho-
logic changes cannot be measured in absolute terms due
to the variable imaging conditions and many arbitrary
factors [5]. This may lead to interobserver bias, espe-
cially when observers classify relatively minor changes in
signal intensity or morphology. These limitations have
led to the search for a better diagnostic tool for quanti-
tative evaluation of IDD.
Transverse relaxation time (T2) mapping, a biochem-

ical MRI technique to calculate relaxation time, has the
potential to offer a quantitative assessment of IDD [6-8].
T2 is the decay constant for T2 signal intensity in MRI.
Unlike T2 signal intensity, T2 is neither scanner nor
image parameter dependent [9]. Rather, it reflects an in-
trinsic property of tissue providing information about
water content, collagen orientation and matrix structure
[10]. It has been demonstrated that T2 of intervertebral
disc (IVD) correlates well with water and proteoglycan
content [9]. Thus, quantitative T2 evaluation may be
beneficial to detect subtle biochemical changes within
IVD that may not be apparent with qualitative or semi-
quantitative measures.
The efficacy of T2 mapping for quantitative evaluation

of IDD has been demonstrated in previous studies,
most of which were cross-sectional [11-13]. However,
the potential role of T2 mapping in longitudinal study
on IDD was not fully investigated, because IDD is a
multifaceted chronic process and it is difficult to per-
form a longitudinal study on patients. The purpose of
this study is to investigate the potential applications of
T2 mapping in longitudinal study as a noninvasive
tool for quantitatively characterizing the process of
IDD, by studying the changes in NP T2 and extracel-
lular matrix (ECM)-related gene expressions in the
progression of IDD in a rabbit model that allows lon-
gitudinal correlation of T2 and biochemical parameter
for IDD.
Methods
Animal and surgical procedure
Thirty-five healthy female New Zealand white rabbits
(aged 1 year, and weighting between 2.5 and 3.0 kg) were
used for this study. The experimental protocol was ap-
proved by the Animal Care and Experiment Committee
of Shanghai Jiaotong University School of Medicine.
Disc degeneration was induced via a validated rabbit punc-

ture method [14]. The rabbits were tranquilized by intra-
muscular injection of ketamine hydrochloride (40 mg/kg)
and xylazine (2.5 mg/kg). Under general anesthesia, the
rabbits’ spines were exposed from an anterolateral retro-
peritoneal approach. L4–L5 discs were punctured with a
16-gauge hypodermic needle to a depth of 5 mm, L5–L6
discs were left undisturbed to serve as the control discs
and then the surgical incisions were closed routinely. Post-
operatively, the rabbits were housed in individual cages
and permitted free activity, food, and water.

MRI scanning procedures
The study evaluated the L4–L5 and L5–L6 discs of twenty
rabbits selected randomly at baseline pre-operation and 1,
3, 6, 12, 24 weeks post-operation for a total of 240 discs. A
3.0 T MR scanner (Magnetom Verio; Siemens Medical So-
lutions, Erlangen, Germany) and standard human knee
coil were used to obtain T2-weighted images (repetition
time = 3,800 ms, echo time = 98 ms, 130 × 130 mm field of



Table 2 T2 for NP with different Thompson grades

Thompson grade 1 2 3 4 P-value

Number of discs 146 40 32 22

NP T2 (ms) 121.6 ± 10.4 87.5 ± 16.4 64.2 ± 11.5 45.4 ± 7.9 <0.01

Mean values (±standard deviation) of T2 relaxation time in milliseconds for NP for different Thompson grades are shown. NP: nucleus pulposus.

Figure 2 Mean nucleus pulposus (NP) T2 for different
Thompson grades. A stepwise decrease in NP T2 can be observed
from Thompson grade 1 to 4. Error bars represent the standard
deviation from the mean. * P<0.01.
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view, slice thickness was 2 mm with a 0-mm gap ) and T2
mapping images (repetition time = 1,000 ms, echo time =
12.3, 24.6, 36.9, 49.2, and 61.5 ms, 130 × 130 mm field of
view, slice thickness was 2 mm with a 0-mm gap). The
midsagittal MR image was identified based on spinal cord
and spinous processes. Midsagittal T2-weighted images
were used for conventional grading, T2 mapping images
were used for quantitative measure of NP T2.

MRI processing
Accurate T2 measure requires the clear contour defin-
ition of NP. However, it is sometimes challenging to de-
fine the clear boundary between NP and endplates of
the cranial and caudal vertebral bodies in the sagittal
T2-weighted images and T2 mapping images. Here we
developed a color-based method to draw the contour of
NP. As the first step, we applied color look-up table to
the T2-weighted image (Figure 1a) to obtain the clear in-
dication of NP contour (Figure 1b). The second step is
to draw the contour of NP along the largest concentric
circle as the region of interest (ROI) as depicted in pre-
vious study [15] (Figure 1c). Finally, the ROI of the seg-
mented NP was used to identify the location of NP in
the corresponding T2 mapping image in the same sagit-
tal plane (Figure 1d), and then NP T2 was computed
automatically.

Image analysis
In the T2-weighted images, the L4/5 and L5/6 discs were
classified by two observers (a radiologist with more than
10 years of experience and a special interest in musculo-
skeletal radiology, and an orthopedic surgeon with 10 years
experience), according to the modified Thompson classifi-
cation from Grade 1 to 4 (1, normal; 2, minimal decrease
of signal intensity but obvious narrowing of high signal
area; 3, moderate decrease of signal intensity; and 4, severe
decrease of signal intensity) depicted in previous study
[16]. If the two observers have different opinions in grad-
ing a disc, they will turn to the third observer (an ortho-
pedic surgeon with 20 years experience) for giving a final
grade to the disc in consensus.

Inter- and intraobserver analysis
Ten rabbits were selected randomly at each time point
for the interobserver evaluation of NP T2 by the afore-
mentioned observers. In addition, the radiologist per-
formed the same analysis twice, with a delay of two
months, to assess intraobserver agreement.
ECM-related gene expressions analysis
After MRI analysis, three rabbits selected randomly were
killed at each time point for real time polymerase chain
reaction (real-time PCR) analysis. Total ribonucleic acid
(RNA) was isolated from NP using Trizol reagent (Invi-
trogen) according to the manufacturer’s instructions.
After reverse transcription reaction, real-time PCR was
performed by an ABI 7500 system using SYBR Premix
Ex Taq™ (Takara, Dalian, China) according to the manu-
facturer’s instructions. The conditions of real-time PCR
were as follows: 35 cycles at 95°C for 15 s, 60°C for 34 s.
Dissociation stage was added to the end of amplification
procedure. There was no nonspecific amplification de-
termined by the dissolve curve. Data were normalized to
mRNA levels of GAPDH using the △△Ct method to calcu-
late the relative mRNA levels of target gene. The primer
sequences used for this analysis were listed in Table 1.

Statistical analysis
Statistical analysis was performed with SPSS 16.0 (SPSS
Inc., Chicago, IL, USA). ANOVA and repeated measures
were applied for multiple comparisons of different
Thompson grades and for pairwise comparisons for dif-
ferent time points. The correlation of NP T2 and the
Thompson grading and linear regression of NP T2 ver-
sus gene expressions were performed. For inter- and
intraobserver reliability analysis, we employed the intra-
class correlation coefficient (ICC). The significance level
was set at 0.05.



Figure 3 Mean nucleus pulposus (NP) T2 and Thompson grading at each time point. (a) A significant decrease in T2 for L4/5 NP can be
observed with time (#P<0.05), especially in 3 weeks postoperatively, while no significant decrease in T2 for L5/6 NP over the 24-week period. At
1 week postoperatively, the mean T2 for L4/5 NP was less than that of L5/6 NP and remained so through 24 weeks (*P<0.05). Error bars represent
the standard deviation from the mean. (b) The Thompson grading for L4/5 discs at each time point.

Table 3 Inter- and Intraobserver reliability analysis

Pearson’s correlation ICCa P-value

Interobserver analysis 0.964 0.963 <0.001

Intraobserver analysis 0.977 0.977 <0.001
aICC: intraclass correlation coefficient.
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Results
The T2-weighted image-based modified Thompson clas-
sification consisted of the following: grade 1, 146 (60.8%)
discs; grade 2, 40 (16.7%) discs; grade 3, 32 (13.3%) discs;
and grade 4, 22 (9.2%) discs. The mean NP T2 in milli-
seconds for different Thompson grades is shown in
Table 2.
There was a stepwise decrease in NP T2 with increasing

grade, and highly significant differences were observed be-
tween the grades (P<0.01; Table 2 and Figure 2). The
Spearman correlation showed a strong inverse correlation
between NP T2 and the Thompson grade (r = −0.85;
P<0.01; Figure 2).
The L4/5 NP T2 decreased progressively over the

24-week period. The significant decrease in T2 was ob-
served in 3 weeks postoperatively. Then the decline
began to slow, especially from 12 weeks to 24 weeks
postoperatively (P<0.05; Figure 3a). In contrast, no sig-
nificant decrease in T2 for the L5/6 NP was observed
through the 24-week period (P>0.05; Figure 3a). At
1 week postoperatively, seventeen out of twenty L4/5
discs were grade 1, while the mean T2 for the L4/5 NP
was already significantly less than that of the corre-
sponding control L5/6 NP (P<0.05; Figure 3). Most of
the L4/5 discs were not classified as grade 2 until 3 week
postoperatively (Figure 3b). The mean NP T2 for Thompson
grade 2 discs was significantly less than that of discs at
1 week postoperatively (P<0.05), while showed no signifi-
cant difference when compared to that of discs at 3 weeks
postoperatively (P>0.05).
The interobserver analysis revealed strong agreement

between the two observers (maximum deviation = 12.5),
and the ICC for interobserver reliability was 0.963
(Table 3, Figure 4). Similar result was obtained for the
intraobserver analysis, with an ICC of 0.977, which
corresponded to a very strong intraobserver agreement
(maximum deviation = 7.8) (Table 3).
Figure 5 illustrates the relative gene expressions of

aggrecan and type II collagen in L4/5 NP at different
time points. Aggrecan and type II collagen mRNA de-
creased markedly from pre-op to 3 weeks postoperatively,
and then declined gradually with time (P<0.05). In con-
trast, the L5/6 NP relatively maintained its gene expression
levels over the 24-week period (P>0.05).
For NP, T2 and aggrecan gene expression correlated

strongly (R2 = 0.85, P<0.01). The slope of this correlation
was 99.565 (Figure 6a). T2 also correlated with type II
collagen gene expression (R2 = 0.78, P<0.01). The slope
was 88.571 (Figure 6b).

Discussion
This study investigated the longitudinal changes in NP T2
and expressions of aggrecan and type II collagen gene as
well as their correlations in the progression of IDD in a
rabbit model over 24 weeks, further demonstrating the
potential applications of T2 mapping in future clinical and
experimental research.
NP T2 decreased with increasing Thompson grade,

which is consistent with other published studies on human
degenerative IVDs [8,12], likely reflecting a decrease in
proteoglycan and water content. Benneker et al. [17] and
Schiebler et al. [18] suggested that early IDD may exist be-
fore there is a loss of signal intensity in T2-weighted image.
Our outcomes demonstrated that T2-weighted MRI could



Figure 4 Scatter-dot plots of interobserver data, including Bland-Altman plot. (a) The Scatter-dot plot shows the high degree of agreement
between interobserver measurements. (b) Bland-Altman plot shows the T2 difference between two observers on the y-axis and the mean T2
values of two observers on the x-axis, which indicates a good repeatability.
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not detect degenerative changes in most of the discs until
3 weeks postoperatively, as Sobajima’s report [14], while T2
mapping was able to detect IDD at 1 week postoperatively
or earlier. With T2 mapping’s high degree of sensitivity
and accuracy, IDD can be detected at an earlier stage, con-
sequently patients may benefit from alternative therapies
(e.g., dynamic stabilization [19], biologic therapies [20])
rather than spinal fusion.
T2 mapping could provide a reliable, continuous scale

for quantitatively evaluating IVD and characterizing the
process of IDD rather than a discrete, ordinal one as
assessed by the conventional classifications that fail to
identify lesser degree of progression of IDD. T2 mapping
has the potential for detecting certain vital events in the
process of IDD, such as the intervertebral disc degenera-
tive cascade which refers to nonreversible cell-mediated
responses leading to further disruption and is known to
encompass disruption of ECM [20,21]. The development
of noninvasive imaging method may revolutionize our
Figure 5 Relative gene expressions of aggrecan and type II
collagen in L4/5 NP at different time points. Aggrecan and type II
collagen mRNA decreased markedly from pre-op to 3 weeks
postoperatively, and then declined gradually with time.
*P<0.05, #P<0.05.
approaches to understanding IDD. The longitudinal
change in NP T2 suggested the process of IDD was non-
linear, and the significant progression occurred in
3 weeks postoperatively. The tendency of IDD and the
marked progression were also confirmed at the gene ex-
pression levels. Similarly, Sobajima et al. reported the
aggrecan and collagen type II mRNA levels had de-
creased markedly by 3 weeks postoperatively [22]. Ac-
cordingly, we may presume to some extent that the
accelerated degeneration of this rabbit model occurred
within 3 weeks postoperatively. To our knowledge, this
study may be the first to investigate the accelerated de-
generation by monitoring the longitudinal changes in
NP T2 and expressions of ECM-related gene through
the process of IDD. NP T2 correlated well with aggrecan
gene expression, confirming the established relationship
between T2 and proteoglycan at gene expression level.
In addition, the results showed that decreased NP T2
was associated well with down-regulated type II collagen
gene expression, likely reflecting the disorganization and
degradation of the collagen network in the process of
IDD [10,23]. Accordingly, T2 might also have potential
in the visualization of collagen integrity in the disc. Our
data further supported that T2 mapping may act as a
noninvasive tool for characterizing the process of IDD in
a continuous quantitative manner rather than a discrete,
ordinal one, particularly in longitudinal studies. This will
help our better understanding of the complex patho-
physiology of human IDD and detection of certain bio-
logic processes in the course of IDD such as the
degenerative cascade. Furthermore, this is of importance
because it has been presumed that there may be a time
point beyond which disc degeneration will become irre-
versible [24,25], T2 mapping may provide evidence for
us to make sure therapeutic interventions are taken at
the early stage before the onset of the degenerative cas-
cade which might no longer be retarded once initiated
[21]. This will be very valuable in retarding or reversing
IDD.



Figure 6 T2 relaxation time plotted against gene expressions in L4/5 NP. (a) T2 relaxation time plotted against aggrecan gene expression.
R2 is 0.85 and P<0.01. (b) T2 relaxation time plotted against type II collagen gene expression. R2 is 0.78 and P<0.01.
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Prior in vivo experimental studies have drawn an en-
couraging conclusion that emerging biologic therapies
including growth factor therapy [26], gene therapy [27],
cell therapy [28], and tissue engineering approaches [29]
have a beneficial efficacy in slowing IDD. However, the
timing for application of therapeutic interventions varied
from 2 weeks to 4 weeks after IDD was induced
[27,28,30], what degree of IDD can be repaired or regen-
erated remains unclear. The reason is that there is not a
standardized quantification scale for evaluation of IDD.
Takashima et al. [31] have proposed that the T2 value-
based grade scale in their study may be useful for future
research on IDD, with a high degree of objectivity.
Watanabe et al. [5] and Perry et al. [7] also suggested
that T2 mapping may provide a T2-based classification
and the new system may be able to detect early degen-
erative changes before the conventional classification
systems can. Chan et al. [32] and Malonzo et al. [33] also
demonstrated in a papain-induced in vitro disc dege-
neration model that different severities of biochemical
changes (proteoglycan and water loss, and collagen
disorganization) could be well reflected by T2. The con-
ventional ranked scales based on T2-weighted MRI are
limited in identifying lesser degrees of progression or re-
gression of degeneration in the disc. To evaluate emer-
ging novel therapies for treatment of IDD such as gene
therapy a more sensitive tool is required. T2 could be
potentially used to develop a reliable continuous scale
with higher sensitivity for tracking lesser degrees of pro-
gression or regression of IDD, in particular for the as-
sessment of disc regenerative strategies that aim to halt
or reverse IDD. With this objective unified scale, studies
from different research centers may be correlated with
each other and put together for analysis.
The MR image processing method used in this study

facilitates us to obtain the accurate NP T2. With a high
degree of reliability and repeatability, our method de-
served recommended in future clinical and experimental
studies. Though some studies [8,12] recommended mea-
suring five areas of IVD divided equally to decrease
variance, the middle three areas include the regions of
low signal intensity which may compromise the accuracy
of NP T2 measurement.
Several limitations are pertinent to this study. First,

this animal model provided only an acute model of IDD,
which may not truly represent the process of human
disc degeneration. Second, other than in natural disc de-
generation, the remaining disc cell viability was not af-
fected in this annular stab-induced model. However, it is
not likely to affect us to determine T2 mapping’s poten-
tial for quantitatively evaluating IVD and characterizing
the process of IDD. Third, the small number of speci-
mens and ECM-related gene limited the power of the re-
gression analysis to demonstrate the potential of T2
mapping for characterizing the process of IDD. Further-
more, saggital T2 mapping might need to be combined
with axial T2 mapping [5,11] to calculate T2 represent-
ing the entire NP in future studies.

Conclusions
NP T2 correlated well with aggrecan and type II colla-
gen gene expressions. T2 mapping proved to be a sensi-
tive, noninvasive tool for quantitatively characterizing
the process of IDD in longitudinal study. It could play
an important role in our better understanding of the
pathophysiology of IDD, assist us to detect certain bio-
logic processes in the course of IDD such as the degen-
erative cascade, and develop a T2-based quantification
scale for evaluation of IDD and efficacy of therapeutic
interventions. This study provides promising new evi-
dence to justify further application of T2 mapping in fu-
ture clinical and experimental studies on IDD, particularly
for longitudinal studies.
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