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Multimodal quantitative magnetic resonance imaging
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Abstract. The present study investigated the application of the
T,, and T, relaxation mapping magnetic resonance imaging
(MRI) and diffusion-weighted imaging (DWI) in the evaluation
of intervertebral disc degeneration (IDD). A total of 93 asymp-
tomatic subjects were imaged with T, and T, mapping, as well
as DWI. Pfirrmann grading was performed and correlation
analysis was conducted for T,,, T, and DWI results with the
grading results and age. Pfirrmann grading indicated 69 cases
of grade I, 240 cases of grade II, 101 cases of grade III,
43 cases of grade IV and 12 cases of grade V. MRI showed
that the T,, values of the nucleus pulposi at L4/5 and L5/S1
were significantly reduced (P<0.05) and no significant differ-
ences were observed in the T, values compared with the values
of the nucleus pulposus at L1/2, L.2/3 and L3/4. The apparent
diffusion coefficient (ADC) values of L1/2 were significantly
decreased from L.2/3 and L3/4 (P<0.05). Correlation analysis
revealed that the T,,, T, and ADC values were positively
correlated with each other. Moreover, the T, values were
significantly decreased with the increase of Pfirrmann grades
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(P<0.05), with the exception of grades IV and V. However,
T, and ADC values were not significantly different between
grades I and II or IV and V. In addition, the T,,, T, and ADC
values were significantly decreased with the increase of age in
patients with IDD (P<0.05). T,, and T, mapping and DWI are
promising techniques for the in vivo diagnosis of IDD, which
may be useful in determining the appropriate prevention and
treatment options for the disease.

Introduction

Lower back pain (LBP) affects 70-85% of adults during their
lifetime and approximately 45% of LBP cases appear to be of
the discogenic origin (1). One of the underlying mechanisms of
symptomatic disc diseases is intervertebral disc degeneration
(IDD), which has also been shown to be associated with the
pathogenesis of LBP (2,3). However, it is still difficult to distin-
guish between normal aging and pathological degeneration in
the detection and diagnosis of IDD, making it unfavorable for
the timely and adequate treatment of this disease (4,5).

Due to its advantages, including no-ionization damage,
excellent soft-tissue contrast and multi-view imaging, magnetic
resonance imaging (MRI) has been widely used in non-inva-
sive detection or IDD and several classification systems have
been established based on the structure, morphology and
signal intensity of discs in IDD (6,7). The Pfirrmann scoring
system provides a semi-quantitative assessment of IDD in vivo,
whereas T,-weighted imaging (T,WI)-based grading systems
are particularly suitable for establishing the degeneration in
later stages (8). However, the application of these scoring
systems in evaluating IDD in clinic settings is limited due to
the unsatisfactory objectivity.

In recent years, it has been indicated that the T,, technique
may aid the detection of IDD due to its sensitivity to the
proteoglycan content in discs (9-11). Moreover, the quantita-
tive T, relaxation time measurement has also been reported
to reflect the molecular environment in discs. Several in vivo
studies have revealed that the degenerated discs, with reduced
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water content and decreased structural integrity, exhibit
lower T, values than normal discs, which is correlated with
the Pfirrmann grading (12-16). Furthermore, the apparent
diffusion coefficient (ADC) from diffusion-weighted imaging
(DWTI) is another potential indicator for the detection of IDD,
which indirectly reflects alterations in nucleus pulposi matrix
content (17). Significantly decreased ADC values have been
reported in degenerated nucleus pulposi compared with normal
discs (18,19). Few studies have evaluated and compared the
performance of T,, and T, relaxation time measurements and
the DWI technique in the assessment of IDD (20,21).

In the present study, the application of the T,, and T,
quantitative MRI and the DWI technique were utilized for the
evaluation of IDD and compared. Asymptomatic volunteers
were imaged with T, and T, mapping, as well as DWI, and
subjected to the Pfirrmann grading. Correlation analysis was
conducted for the T,,, T, and DWI results with Pfirrmann
grading and age.

Materials and methods

Study subjects. A total of 93 asymptomatic subjects,
38 males and 55 females, with an average age of 34.2+14.0 years
(ranging from 20 to 76 years), were recruited in the present
study. The inclusion criteria were: i) No recent history (within
6 months) of weight-bearing work; ii) no significant back ache
with in the past 6 months; and iii) no history of spine trauma
and spinal deformity.

All the subjects underwent T,, and T, imaging, while
additional DWI was performed on 47 among them (18 males
and 29 females; with an average age of 39.0+13.5 years,
ranging from 22 to 63 years). The investigation was conducted
in the evening (between 5:00 and 10:00 p.m.). Before scan-
ning, the subjects were advised not to perform strenuous
exercise and were encouraged to lie down for ~30 min to
minimize the diurnal variation during the T, and ADC
measurements of the intervertebral discs. Prior written and
informed consent was obtained from each patient and the
study was approved by the Ethics Review Board of the Human
Research Ethics Committee at Zhujiang Hospital (Guangzhou,
China).

MRI. MRI was performed using a 3.0T whole-body multi-
transmit scanner system (Achieva TX; Philips Healthcare,
DA Best, The Netherlands), with a dedicated 6-channel
spine coil. For the Pfirrmann grading, sagittal T,-weighted
imaging (T,WI) was acquired twice using a fast spin echo
sequence with the following parameters: Repetition time
(TR), 3,000 msec; echo time (TE), 128 msec; slice thickness,
5 mm; matrix, 448x448 and 288x288; field of view (FOV),
220x201 mm and 180x56 mm, respectively. Sagittal T,
scanning was performed using a 3D steady gradient echo
sequence with the following parameters: TR, 4.85 msec;
TE, 2.39 msec; spin-lock frequency, 500 Hz; spin-lock time,
0/10/20/30/40 msec; flip angle, 50°; slice thickness, 5 mm;
matrix, 448x448; FOV, 220x201 mm. Sagittal T, mapping was
performed with the following parameters: TR, 1,162 msec;
TE, 20-100 msec; number of echoes, 5; slice thickness, 5 mm;
matrix, 448x448; FOV, 220x201 mm. DWI was conducted
with the following parameters: TR, 3,000 msec; TE, 64 msec;
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b-values, 0 and 500 mm?/sec; slice thickness, 5 mm; matrix,
288x288; FOV, 180x56 mm. Region of interest (ROI) analysis
was performed on midsagittal T,WI (Fig. 1).

Pfirrmann grading. Based on the MRI results, Pfirrmann
grading of lumbar discs was performed by two independent
radiologists (each with >10 years of experience in imaging),
according to the grading system described by Griffith ez al (7).
Five lumbar intervertebral discs (L1-S1) were analyzed and
the grading results were recorded for analysis if the consensus
was reached with the following criteria: Normal, grade I; mild
degeneration, grade II; moderate degeneration, grade III; and
severe degeneration, grades IV and V.

Inter- and intra-observer reliability analysis. Inter-and
intra-observer reliabilities of Pfirrmann grading were exam-
ined using the kappa concordance test with the following
criteria: Slight agreement, O to 0.2; fair agreement, 0.21 to 0.4;
moderate agreement, 0.41 to 0.60; substantial agreement, 0.61
to 0.8; and excellent agreement, 0.81.

Statistical analysis. SPSS 15.0 software (SPSS, Inc., Chicago,
IL, USA) was used for statistical analysis. Pfirrmann grading
results were compared with analysis of variance, underwent
Bonferroni post hoc tests and were subjected to the receiver
operating curve (ROC) analysis. Spearman and Pearson corre-
lation coefficients were determined for the quantitative values.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Pfirrmann grading of lumbar intervertebral discs. A total of
465 lumbar intervertebral discs were subjected to Pfirrmann
grading by two independent radiologists. Results of the
inter- and intra-observer reliability analysis are summarized
in Table I. Excellent agreement was obtained from the
radiologists, with the k values ranging from 0.886 to 0.938.
Disagreement in grading maybe due to the difficulties in
identifying structures that exhibited homogeneity, such as
distinguishing between grade I and II and distinguishing
between the annulus and nucleus (grade II-111).

The Pfirrmann grading results indicated that, 69 cases were
classified as Pfirrmann grade I, 240 cases as grade II, 101 cases
as grade III, 43 cases as grade IV, and 12 cases as grade V.
Eventually T,, values of 383 discs, T, values of 445 discs
and ADC values of 231 discs were successfully obtained.
Subsequently, the correlations between the T, T, and ADC
values with Pfirrmann grading and age were analyzed.

Correlation analysis between T,,, T,, and ADC values with
Pfirrmann grading. MRI indicated that the T,, values of
nucleus pulposi at L4/5 and L5/S1 were significantly reduced
compared with the values of the nucleus pulposus at L1/2,1.2/3
and L3/4 (P<0.05), whereas no significant differences were
observed in the T, value. In addition, the ADC values of L1/2
were significantly different from the L2/3 and L3/4 (P<0.05;
Fig. 2).

Correlation analysis between the T,,, T, and ADC values
indicated the positive relationship between each other (Fig. 3).
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Table I. Inter- and intra-observer reliability analysis of Pfirrmann grading.

Disagreement
Agreement II III IV A\
Variable Kappa n % n % n % n % n % n %
Interobserver reliability 0.886 444 95.5 8 11.6 17 7.1 6 59 0 0 0 0
Intraobserver reliability
Radiologist 1 0.938 446 959 6 8.7 7 39 6 59 0 0 0 0
Radiologist 2 0.930 445 95.6 9 13.0 7 39 4 39 0 0 0 0

Figure 1. Schematic diagram of regions of interest. Regions of interest were
selected as the rectangular areas with equal sizes at each disc level in the
center sagittal planes.

Correlation analysis between the T,,, T, and ADC values with
Pfirrmann grading revealed that T,  values were significantly
different between the Pfirrmann grades (P<0.05; with the
exception of grades IV and V) and the T, and ADC values
were not significantly different between grades I and grades II,
as well as grades IV and V (Table II). Moreover, results from
the ROC analysis, which indicated the cut-off value, sensi-
tivity and specificity of T,,, T, and ADC, are shown in Fig. 4
and Table III. In particular, T, mapping demonstrated the
highest accuracy detecting the later degenerative changes.

These results suggest that significantly negative correlations
exist between the T,, T, and ADC values and the Pfirrmann
grading.

Correlation analysis between T,,, T,and ADC values with
age. Results of the correlation analysis between the T, T, and
ADC values and age are shown in Fig. 5. All the T, T, and
ADC values were significantly decreased with the increase of
age and Spearman correlation coefficients of -0.349, -0.594,
and-0.387 were demonstrated, respectively (all P<0.01).
Specifically, T,, values remained relatively stable across the
age range of 20-45 years and continuously declined after the
age of 45 years. Moreover, T, values were slowly decreased
over the ages of 20-45 years, whereas the values were slightly
increased over the age range of 45-50 years. Furthermore, the
values were significantly declined after the age of 50 years
(P<0.01). Additionally, the ADC values were slowly decreased
over the age range of 45-50 years (P<0.05). However, the ADC
values fell rapidly after the age of 50 years (P<0.01). These
results suggest that the T, T, and ADC values were decreased
with the increasing of age and exhibited slight variations in
changing patterns.

Discussion

In the T}, T,and DWI MRI techniques were applied to assess
subjects with IDD at different stages. Subjects with ages ranging
from 20 to 76 years old were investigated. Results from the T,
and T, mapping, as well as DWI from the same sagittal plane
were compared and analyzed. Pfirrmann grading was also
performed according to a previously published protocol (7).
Regarding previous findings (18,20-22), the present study
covered unified regions of interests and predominantly focused
on the detection of nucleus pulposi in IDD. Color-coded T, and
T, mapping revealed that the normal nucleus pulposus may be
divided into the peripheral low-value and core high-value areas,
based on the inside proteoglycan distribution. The dynamic
range of T,,mapping was greater than T, mapping, which may
affect the measurement sensitivity to early subtle degenerative
alterations. However, in the ADC mapping of normal discs,
higher detection values were observed in the peripheral area of
nucleus pulposi. We suggested that ADC measurements would
be influenced by different factors and provide complementary
information about the disc composition. The present results
indicated that in the degenerated discs attenuated T,WI signals
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Figure 2. Magnetic resonance imaging results of lumber intervertebral discs. (A) Representative pictures of magnetic resonance imaging. (a) T,-weighted
imaging of L4/5 and L5/S1 assessed as grade III, showing the gray nucleus and the unclear distinction of nucleus and annulus, without collapsed disc space
(indicated by arrows). Discs at other levels were grade I1. The value-based color-scale images displayed the spatial distribution of the (b) T,,, (c) T,and (d) ADC
values of discs and were overlaid on the T,WI image. As shown by the color scale bar, the values increased from dark to white, that was, blue indicated the
lower value and red indicated the higher values. (B) The mean T, (C) T, and (D) ADC values in magnetic resonance imaging of lumbar intervertebral discs
at each level. "P<0.05. ADC, apparent diffusion coefficient.
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Figure 3. Correlation analysis of magnetic resonance imaging. Scatter plots from the correlation analysis between the (A) T, and T, values (B), T,, and ADC

values and (C) T, and ADC values in magnetic resonance imaging. ADC, apparent diffusion coefficient.

and the three quantitative measures of nucleus pulposi were
decreased when disease severity was increased.

In line with previous findings, the present study demon-
strated that T,,and T, values were negatively correlated with
Pfirrmann grading and tended to decrease as the disease
progressed (18,21-25). Notably, T,, values of the Pfirrmann
grade II discs were significantly greater than the Pfirrmann
grade I discs, suggesting that the in vivo T,, quantification
may be more sensitive to early macromolecular changes in

the matrix of nucleus pulposi. However, the present results
from the ROC analysis showed that the T, quantification
revealed the greatest accuracy in detecting the later degen-
erative changes and the T,, method was associated with the
lowest accuracy. This observation may be due to the fact that
T, is highly related to collagen integrity (26) and is not particu-
larly sensitive to the changes of proteoglycan content (25). A
previous study has reported that IDD primarily occurs in the
lower lumbar region, particularly at L4/L5 and L5/S1 (27).



2082 EXPERIMENTAL AND THERAPEUTIC MEDICINE 14: 2078-2084, 2017

Table II. T1p, T2, and ADC values of nucleus pulposus with different Pfirrmann grades.

Parameter Grade [ Grade II Grade III Grade IV Grade V Spearman
T,, (msec) 131.38+28.30 120.74+33.49* 93.24+30.20° 68.56+22.25°¢ 64.88+16.54 r=-0.561
P<0.01
T, (msec) 121.45+19.15 113.60+19.75 83.54+19.13° 55.26+10.79¢ 59.09+21.62 r,=-0.690
P<0.01
ADC (x10”° mm?*/sec) 1.764+£0.212 1.692+0.189 1.564+0.211° 1.263+0.309¢ 1.156+0.392 r=-0.530
P<0.01
1P<0.05 vs. grade I; "P<0.01 vs. grade II; °P<0.01 vs. grade III. ADC, apparent diffusion coefficient.
Table III. Receiver operating curve analysis of magnetic resonance imaging.
Parameter Pfirrmann grades Area under curve Cut-off value Sensitivity (%) Specificity (%)
Tlp I-1I 0.624 116.5 msec 70.0 53.6
-1 0.730 103.5 msec 66.8 68.6
II-1v 0.740 86.5 msec 58.1 79.1
T2 II-I11 0.871 94.5 msec 83.7 73.9
II-1v 0910 67.5 msec 76.1 99.3
Apparent diffusion I-111 0.670 1.732x107 mm?/sec 482 81.8
coefficient m-1v 0.801 1.587x10°* mm?/sec 60.0 88.2
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Figure 4. Receiver operating curve analysis of magnetic resonance imaging. Receiver operating curves of (A) Ty, (B) T, and (C) ADC values in diagnosing

intervertebral disc degeneration with different Pfirrmann grades (I-IV). ADC, apparent diffusion coefficient.
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In the present study, significant differences in the T, value
were only identified in the lower discs (L4/L5 and L5/S1)
compared with the other disc levels, suggesting that T,, may
be more sensitive to early IDD pathogenesis. Degenerative
changes in the disc matrix are inevitable and begin soon after
birth (28). Previous studies have reported various age-related
changes in the intervertebral discs, including dehydra-
tion, decreased disc volume and decreased proteoglycan
content (29,30). Consequently, T,,, T,and ADC values, which
may be influenced by the disc matrix composition, should be
strongly related to age. The present results indicated negative
associations of T, T, and ADC values were exhibited with
age, which was in line with previous findings (10,13,16,31,32).
Furthermore, T, values exhibited the weakest correlation with
age (which remained stable <45 years), whereas T, and ADC
values exhibited stronger correlations with age (the T, values
were increased slightly and the ADC values were increased
remarkably over the age range of 45-50 years; and both values
were rapidly increased after the age of 50 years). These results
indicated the relative stability of the T;, measurement and
suggested that the changes in proteoglycan content were less
severe below the age of 45 years. These findings are consis-
tent with previous results, which demonstrated that the repair
process of the nucleus pulposus matrix is difficult after the
age of 50 years (33). Conversely, the decrease in T, value is
primarily correlated with water loss (12). Unexpectedly, the
ADC values were dramatically increased during the age range
of 45-50 years. When combined with color-coded mapping, in
the normal nucleus pulposus, high ADC values were observed
in the peripheral area, whereas high T, and T, values were
indicated in the core region. The ADC values are strongly
correlated with proteoglycan and water content, which may
affect the matrix integrity of the nucleus pulposus (17). Based
on prior and present studies, we provided the following
hypothesis for the results. Reduced water content was more
dominant due to the proteoglycan stability and thus the ADC
values were decreased over the age range of below 45 years.
In addition, we hypothesize that during the age range of
45-50 years, the proteoglycan levels were gradually dimin-
ished and the T,, values were gradually decreased, which
resulted in a reduced restriction of water motion. After the
compromised matrix integrity resulting from the reduced
proteoglycan and water constants may primarily contribute to

the declined ADC values (27). Therefore, regarding the corre-
lation between DWI and IDD, subject age should be taken into
account for the result analysis (17,18,20,34). Moreover, ROC
analysis suggested that the nucleus pulposus composition may
change dramatically during the age range of 45-50 years and
IDD development may accelerate after the age of 50 years.
These findings may contribute to determining the optimum
timing for intervention and treatment of the disease. In
addition, the present study indicated a positive correlation
between the T,,, T, and ADC values, particularly between the
T, and ADC values. These three indicators were decreased
progressively and exhibited similar patterns following the
degeneration in nucleus pulposi.

The present study exhibited some limitations. The first
limitation is the lack of a gold standard for the IDD grading,
particularly with the biochemical and histological methods.
Although the Pfirrmann grading system exhibited excellent
agreement, this method only provided a morphological and
semi-quantitative evaluation of IDD in vivo. Additional in vitro
examination is required to fully elucidate these issues. Other
limitations include the loss of MRI signals and the bias due
to the physiological motion. Moreover, banding artifacts were
inevitable and may have influenced the T, signals. Another
limitation is the limited sample size, particularly for the
subjects within the age range of 45-50 years (only 20 discs).
Therefore, further studies with large sample sizes are neces-
sary.

In conclusion, the present results indicated that T, values
of the nucleus pulposi at L4/5 and L5/S1 were significantly
reduced compared with the values at L1/2, L2/3 and L3/4,
whereas no significant differences were observed in T, values.
ADC values of L1/2 were significantly decreased from L2/3
and L3/4 and T,,, T, and ADC values were positively corre-
lated with each other. T, values were significantly different
between each grade (with the exception of grades IV and V);
and the T, and ADC values were not significantly different
between grades I, I1, IV, and grade V. Moreover, the T,,, T, and
ADC values were significantly decreased with the increase of
age. Our findings suggest that T,, and T, mapping and DWI
are promising techniques for the in vivo diagnosis of IDD.
Furthermore, we conclude that these techniques are particu-
larly useful in determining the appropriate prevention and
treatment options for the disease.
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