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Abstract
Purpose: To assess the utility of diffusion-weighted imaging (DWI) with apparent diffusion coefficient (ADC) maps 
and T2* mapping in quantitative analysis of nucleus pulposus (NP) and annulus fibrosus (AF) of lumbar interverte-
bral discs with its correlation with modified Pfirrmann grading (MPG) for lumbar degenerative disc disease (LDDD).

Material and methods: One hundred subjects (20-74 years of age) underwent T2-weighted, DWI with ADC and T2* 
magnetic resonance imaging. MPG was applied to L3-L4, L4-L5, and L5-S1 discs, and ADC and T2* values of NP 
and AF were calculated in the mid-sagittal plane by segmenting each disc into 5 regions of interest (ROI) (NP-3, 
AF-2). Mean ADC and T2* values, their correlation, and cut-offs among different grades were calculated at different 
ROIs across different levels.

Results: Out of total 300 discs analysed; 68 were normal (grade I) discs and 232 were degenerated (grade II to VIII) discs, 
based on MPG. T2* and ADC values in NP, AF, and the entire disc were significantly lower in degenerated discs 
than in normal discs. There was significant (p < 0.001) negative correlation between ADC and T2* values with MPG. 
ADC and T2* cut-off values were statistically significant across grades, with area under the curve (AUC) values in 
moderate to high accuracy range (0.8 to > 0.9) for assessing the degree of LDDD.

Conclusions: T2* and ADC value-based grade scales are highly accurate in evaluating the degree of disc degeneration 
with a high degree of objectivity in comparison to visual assessment-based MPG. Reduced ADC and T2* values of NP 
could serve as markers of early LDDD.
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Introduction
Low back pain (LBP) has been a global public health con-
cern since 1990, affecting about 60-80% of individuals [1]. 
The annual and lifetime prevalence of LBP in India is 51% 
and 66%, respectively [2]. Lumbar degenerative disc dis-
ease (LDDD) is considered the most common cause of 
LBP, with an incidence rate of 70% [3]. LDDD starts at 
age of 16-20 years [3] and increases with age, with a high 
reported prevalence of up to 90% between 50 and 55 years 
of age [4]. Genetic predisposition, mechanical causes, 

high-load stress, lifestyle, nutrition, trauma, growth fac-
tors, and age-related physiological deterioration are com-
monly responsible for its onset, progression, and accelera-
tion [3,5,6].

Intervertebral disc (IVD) consists of an inner gelati-
nous nucleus pulposus (NP) and an outer thick ring of 
fibrous cartilage, called the annulus fibrosus (AF), sand-
wiched between the hyaline cartilage endplates. Central 
NP contains randomly arranged collagen fibres embedded 
in highly hydrated gel containing aggrecan [7,8], which 
is a major sulphate chain containing proteoglycan (PG), 
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which maintains tissue hydration through osmotic pres-
sure [9]. Peripheral AF contains parallelly arranged col-
lagen fibres within concentric rings [10], with higher PG 
and lower water content than NP [11,12]. The cartilage 
endplates are the last to wear through and serve as the 
disc’s primary source of nutrition through diffusion be-
cause IVDs are relatively avascular and aneural [13,14]. 
The early stage of degeneration begins with biochemical 
changes in NP that include damage to collagen, loss of PG, 
water content causing reduced hydration, and intradiscal  
osmotic pressure resulting in loss of height, disc bulge un-
der load, and discogenic pain due to nociceptor stimula-
tion in AF [15]. Lumbar discs are the most frequent and 
typical location of these changes due to considerable me-
chanical stress. 

Magnetic resonance imaging (MRI) is the most widely 
used imaging technique for evaluating the morphology 
of IVD and the degree of disc degeneration. Pfirrmann et 
al. categorized disc degeneration (grade I to V) based on 
a variety of parameters [16], including the ability to distin-
guish between NP and AF, signal pattern, disc structure, 
and disc height on T2-weighted (T2-W) imaging. In 2007, 
Griffith et al. suggested a modified Pfirrmann grading 
(MPG), from grade I to VIII, to classify degenerative discs 
(DDs) more accurately in elderly people, in which the ma-
jority of discs fall into Pfirrmann grades III or IV [17]. 
The biochemical disturbances that occur before morpho-
logical alterations are the first indications of early LDDD 
that are not detected on conventional MRI, which is fur-
ther limited by reproducibility and inter-observer varia-
tion [18,19].

Newer quantitative MRI (QMRI) techniques like T2* 
mapping, diffusion-weighted imaging (DWI), T1rho im-
aging, in vivo Na MRI imaging, and nuclear MR spectros-
copy have emerged in the last decade as non-invasive, pre-
cise diagnostic tools to identify the biochemical makeup of 
IVD at various stages of LDDD [20,21]. The T2* mapping 

technique evaluates the biochemical changes by detect-
ing translational motion of water molecules in the colla-
gen matrix with an assessment of their molecular integ-
rity and composition, which has a good correlation with 
micro structural differences in collagen fibre arrangement,  
PG, and water content of NP [22-24]. The basis of T2* 
mapping is the use of characteristics of transverse relaxa-
tion, indicating the transverse magnetization decay that 
is demonstrated with gradient-echo (GRE) sequences 
because its more sensitive to T2* decay by altering user-
selectable parameters including repetition time (TR), echo 
time (TE), and flip angle. Consecutive images with variable 
TE and signal levels are required to generate a T2* relaxa-
tion time map. 

DWI measures random Brownian motion and creates 
apparent diffusion coefficient (ADC) maps by describing 
isotropic diffusion of water molecules and their relative 
speed in each direction within a voxel of tissue used to 
track the activity of water molecules in NP, thus reflecting 
microstructural changes within [25]. DWI uses the prop-
erty of avascularity of IVD and nutrient diffusion limita-
tion of DDs, utilising ADC values [22-24] that show reduc-
tion as molecular diffusibility is affected in LDDD [26].

The advantages of T2* mapping and DWI include 
easier, faster imaging with better resolution and avail-
ability of processing software with no exogenous contrast 
administration or any special hardware. Advanced imag-
ing techniques to diagnose early stages of disc degenera-
tion have become important with the availability of many 
new therapeutic options for NP augmentation [12,27]. 

We aimed to assess T2* and DWI/ADC mapping values 
of lumbar IVD, compiling normative data, and evaluat-
ing the spatial variations occurring within the same and 
different anatomical levels and spectrum of deviation in 
DDs. The relationship between T2* and ADC techniques 
with a T2-W visual MPG system for IVD degeneration 
was evaluated.

Material and methods
This observational, cross-sectional study was carried out 
at a tertiary care teaching hospital in Western India af-
ter obtaining Ethics Committee approval. One hundred 
adult subjects (56 females, 44 males), with ages ranging 
20-74 years and with a history of non-specific LBP, were 
included. Patients with ankylosing spondylitis, lumbar 
trauma, prior lumbar surgery, metallic implant, infection, 
and other blood-related lumbar disorders were excluded. 

All patients underwent MRI of the lumbar spine on 
a Siemens 3-Tesla Magnetom Vida MRI scanner (Erlan-
ger, Germany) using a Biomatrix spine coil (Table 1). 
Conventional T2-W sagittal sequences were obtained in 
a supine position for disc localization and assessment for 
visual MPG of LDDD. Sagittal DWI was performed with  
multi-shot, dual spin echo, readout-segmented echo-planar 
(RESOLVE) imaging acquisition. An optimal b-value of  

Table 1. Imaging parameters of T2* and DWI/ADC MR sequence protocol

Parameter T2-weighted T2* DWI/ADC

Scan plane 2D sagittal 2D sagittal 2D sagittal

TR (ms) 2800 550 3390

TE (ms) 107 4.4, 11.9, 19.4, 
26.9, 34.5

55, 109

FOV (mm2) 320 × 320 300 × 300 320 × 320

Matrix 352 × 288 320 × 288 310 × 185

Flip angle (°) 90 90 90

Slice thickness (mm) 3 3.5 3.5

Bandwidth (Hz/pixel) 249 256 679

NEX 1 2 1

Scanning time 1 min 59 sec 4 min 42 sec 3 min 42 sec
TR – repetition time, TE – echo time, FOV – field of view, NEX – number of excitations,  
DWI – diffusion-weighted imaging, ADC – apparent diffusion coefficient
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600 mm2/s, which falls within the range of the inverse of 
the mean ADC of IVD, was used for the optimum signal-
to-noise ratio [28]. A sagittal T2* multi-echo GRE sequence 
with exponentially increasing 5 echoes was obtained.  
The sagit tal acquisition plane was used to evaluate IVD 
in a perpendicular direction to the acting shearing forces. 
Post-processing for DWI was performed to obtain ADC 
maps and for T2* mapping to get automatic colour-coded 
T2* maps (Figures 1 and 2) by using the Inline process-
ing package syngo MR XA30 software. In T2* mapping, 
healthy NP usually appears green, and AF appears blue. 

The L3-L4, L4-L5, and L5-S1 discs were considered for 
analysis because lower lumbar discs are more likely to de-

generate under the effect of higher mechanical stress [29]. 
Total 300 discs in 100 patients were divided into  
8 groups, from grade I to VIII, according to the MPG 
system on T2 sagittal sequence (Figure 3) [17]. Grade I 
discs were used as controls to obtain normative data, and 
grade II to VIII were used as cases. ADC and T2* relaxa-
tion time values were obtained in 5 ROIs (area ranging 
between 4.1 and 4.5 mm2) at each disc level in the mid-
sagittal section after proper syncing of the 3 sequences 
– T2-W, ADC maps, and T2* maps (both magnitude and 
colour-coded images). On T2-W images, the boxes were 
drawn for 2 segments (anterior, posterior) in AF and 
3 equal segments in NP (anterior, mid, posterior) exclud-

Figure 1. Mid-sagittal T2WI (A) of lumbar spine with corresponding apparent diffusion coefficient (ADC) values (B), T2* values (C) and T2*coloured maps (D). 
ADC and T2* values measured at 3 regions of interest (ROIs) on nucleus pulposus (NP) (anterior, mid, and posterior) after dividing the disc into 5 boxes with 
ROIs drawn along the horizontal line passing through the centre of the disc

Figure 2. Mid-sagittal T2WI (A) of lumbar spine with corresponding apparent diffusion coefficient (ADC) values (B), T2* values (C), and T2*coloured maps (D). 
ADC and T2* values measured at 2 regions of interest (ROIs) on annulus fibrosus (AF) (anterior and posterior) after dividing the disc into 5 boxes with ROIs 
drawn along the horizontal line passing through the centre of the disc

A B C D

A B C D
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ing the vertebral end plates, dividing the IVD into 5 boxes 
(Figures 1A and 2A). A horizontal line through the mid 
part of the IVD passing through the boxes was drawn to 
mark the central location, which was used for uniform 
placement of the ROIs. Placement of ROIs was done on 
the central line to avoid partial averaging and to obtain 
accurate measurement of ADC and T2* values (Figures 1 
and 2). 

The same placement of ROIs was copied to the ADC 
and T2* maps to avoid variability in measurements.  
The ROIs in AF were taken at the inner part of the AF to 
include the region of inner fibres for measurements based 
on the MPG system (Figure 2). Mean ADC and T2* values 
for each ROI of each disc level were calculated. The dif-
ferences of ADC and T2* values of NP and AF were es-
tablished for normal and for DDs, which were correlated 
with the MPG system. 

Statistical methods 

Following data entry in Microsoft Excel, statistical analy-
sis was performed in SPSS software version 17.0. De-
mographic and qualitative variables were presented as 
frequency and percentages. ADC and T2* values were ex-
pressed as mean (standard deviation). ANOVA was used 
to find differences in mean values of 5 ROIs across differ-
ent regions and MPG of IVDs. The Pearson and Spearman 
correlation coefficient was used to find the correlation of 
ADC and T2* values with age and the MPG system of 
IVD. A receiver operating characteristics (ROC) curve 
was used to calculate the ADC and T2* cut-off for differ-
ent MPGs, which was validated with sensitivity, specifici-
ty, positive predictive value (PPV), and negative predictive 
value (NPV). P-value < 0.05 was considered statistically 
significant. 

Results
Three hundred discs were evaluated in 100 adult subjects 
(mean age 42.2 ± 15.0 years and female:male ratio 1 : 1.3). 
Most of the patients were in overweight (47%) and nor-
mal (45%) BMI categories. Out of 300, 68 (22.7%) were 
normal (grade I) discs and 232 (77.4%) were DDs (grade 
II-VIII), with the majority (263) in MPG categories I-V 
(Figure 4). 

The highest mean ADC and T2* values in normal 
discs were recorded at the L3-L4 level and declined con-
sistently from L3-L4 to L5-S1 (Tables 2 and 3). ADC 
and T2* values in normal discs differed statistically sig-
nificantly at corresponding ROIs at different lumbar disc 
levels. The combined mean ADC and T2* values of NP 
were greater than AF at all disc levels. Mean ADC and 
T2* values were highest at mid NP at each normal disc 
and declined to their lowest at the posterior NP and AF 
(Figure 5). Mean ADC and T2* values in anterior AF and 
NP were higher than posterior AF and NP. No significant 
correlation between T2* and ADC values and age was 
noted for normal discs. 

Statistically significant negative correlation was noted 
between age and T2* and ADC values for central region of 
DDs with respective Spearman correlation coefficient (r) 
of −0.62/−0.66 at L3-L4, −0.64/−0.7 at L4/L5, and 
−0.38/−0.34 at L5/S1 level. Mean ADC (Table 4) and T2* 
(Table 5) values in NP, AF, and the entire disc were sig-
nificantly lower in DDs from normal discs (p < 0.001). 
From grade I to grade VIII the mean ADC value ranged 
from 2831.1 ± 64.9 to 211.1 ± 161.8 × 10-6 mm2/s and 
from 2812.9 ± 75.4 to 236.7 ± 172.1 × 10-6 mm2/s in NP 
and AF, respectively (Table 4). Similarly, from grade I to  
grade VIII, the mean T2* value ranged from 187.3 ± 16.7 
to 15.3 ± 3.6 ms and from 174.7 ± 19.1 to 22.8 ± 9.8 ms 

Figure 3. Modified Pfirrmann grades (MPG) in lumbar IVDs on T2-weigted images based on signal of nucleus pulposus (NP) and inner fibres of annulus fibro-
sus (AF), distinction of inner and outer fibres of posterior AF, and disc height. 1. Grade I: homogenous high signal similar to cerebrospinal fluid (CSF). 2. Grade II:  
hyperintense signal which is more than presacral fat and less than CSF. 3. Grade III: hyperintense signal that is less than presacral fat. Grade I, II, and  
III have obvious distinction between inner and outer fibres of posterior AF and normal disc height. 4. Grade IV: mildly hyperintense, which is slightly more 
than outer AF. 5. Grade V: hypointense signal equal to outer AF.  Grade IV to VIII (4-8) discs show loss of distinction between inner and outer fibres of posterior 
AF. 6. Grade VI: hypointense with < 30% disc height reduction, 7. Grade VII: hypointense with 30-60% disc height reduction, 8. Grade VIII: hypointense with 
> 60% disc height reduction



 Apparent diffusion coefficient and T2* mapping on 3T MRI in normal and degenerative lumbar intervertebral discs

e279© Pol J Radiol 2023; 88: e275-e285

in NP and AF, respectively (Table 5). Mean ADC and T2* 
values of NP decrease significantly as compared to AF 
with increasing subsequent grades (grade II to grade VIII) 
with drastic reduction in values of advanced degenera-
tion grades VI, VII, and VIII (Figure 6). The mean ADC 
(Figure 7) and T2* (Figure 8) values were inversely pro-
portional to increasing grades, with strong negative cor-
relation (p < 0.001) with MPG irrespective of disc level. 

The cut-off value of ADC (Table 6) and T2* (Table 7) 
in the central region for grades I to V were significant  
(p < 0.001). The area under the curve (AUC) was within 
the moderate to high accuracy range (0.8 to > 0.9) for 
ADC and the high accuracy range (> 0.9) for T2* values 
(Figure 9). The sensitivity of the T2* value increased from 

grade I to grade V. A statistically significant marginally 
stronger negative correlation of T2* values (r = –0.96) for 
central and peripheral) and strong negative correlation of 
ADC values (r = –0.95) for central and peripheral) with 
MPG was noted (Table 8). Overall, AUC for both ADC 
and T2* values were in the high accuracy range (0.98), 
irrespective of different grades (Figure 10). 

Discussion
DWI/ADC and T2* mapping are new diagnostic QMRI 
techniques that analyse microstructural differences in PG 
in IVD, based on water content with its mobility and dif-
fusion, collagen architecture, and their interactions at var-

L3-L4
L4-L5
L5-S1
Total
Percentage

Figure 4. Modified Pfirrmann grade distribution at various levels of lumbar disc

80

70

60

50

40

30

20

10

0

Nu
m

be
r

 Grade I Grade II Grade III Grade IV Grade V Grade VI Grade VII Grade VIII

 27 16 20 12 15 8 1 1
 18 18 9 22 21 7 3 2

 23 13 13 24 12 10 4 1

 68 47 42 58 48 25 8 4

 22.7% 15.7% 14.0% 19.3% 16.0% 8.3% 2.7% 1.3%

Table 2. Mean ADC (× 10-6 mm2/s) and T2* (ms) values with reference range at various ROIs in NP in each disc at 3 different lumbar disc levels for Grade I MPG (normative data)

DISC 
levels

NP p-value*

Ant Mid Post Combined

Mean ± SD Reference 
range

Mean ± SD Reference 
range

Mean ± SD Reference 
range

Mean ± SD Reference 
range

ADC

L3-L4 2883.1 ± 54.0 2778.51-3008 2923.1 ± 62.5 2670.36-2934.51 2867.2 ± 63.1 2697.17-2962.30 2891.1 ± 55.4 2724.60-2959.31 < 0.001

L4-L5 2801.5 ± 56.1 2686.43-2932.49 2842.4 ± 66.7 2622.92-2915.08 2775 ± 64.3 2648.37-2932.01 2806.3 ± 60.9 2656.10-2924.66 < 0.001

L5-S1 2790.2 ± 73.3 2604.83-2935.23 2825 ± 84.7 2529.29-2894.82 2771.9 ± 83.7 2557.13-2914.82 2795.7 ± 78.3 2575.67-2910.01 < 0.001

p-value* < 0.001 0.001 0.001 < 0.001

T2*

L3-L4 196.1 ± 23.9 158.13-259.21 208.9 ± 23.9 129.98-230.47 188.1 ± 19.3 146.46-228.08 197.7 ± 20.6 148.46-237.26 < 0.001

L4-L5 183 ± 21.0 132.34-225.31 193.9 ± 16.4 130.44-202.50 173.1 ± 18.0 130.74-209.12 183.3 ± 18.0 132.55-211.90 < 0.001

L5-S1 181.4 ± 11.8 156.30-206.47 189.3 ± 14.9 138.81-201.52 172.3 ± 13.7 143.46-201.62 181 ± 11.4 150.08-198.70 < 0.001

p-value* < 0.001 0.01 0.001 < 0.001
P-value* – statistically significant at p ≤ 0.05. Robust method is used to calculate reference range (MedCalc). NP – nucleus pulposus, ADC – apparent diffusion coefficient
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Table 3. Mean ADC (× 10-6 mm2/s) and T2* (ms) values with reference range at various ROIs in AF in each disc at 3 different lumbar disc levels for grade I MPG 
(normative data)

DISC 
levels

AF p-value*

Ant Post Combined

Mean ± SD Reference range Mean ± SD Reference range Mean ± SD Reference range

ADC

L3-L4 2875.2 ± 52.1 2761.43-2993.13 2833.5 ± 64.0 2729.98-3005.69 2854.3 ± 51.7 2759.54-2982.20 < 0.001

L4-L5 2792.4 ± 63.3 2681.50-2963.97 2749.9 ± 252.9 2238.88-3341.18 2771.1 ± 132.4 2520.06-3083.50 < 0.001

L5-S1 2785 ± 75.1 2646.18-2983.73 2733.6 ± 75.8 2592.40-2924.11 2759.3 ± 73.9 2620.89-2944.59 < 0.001

p-value* 0.007 0.001 < 0.001

T2*

L3-L4 191.9 ± 21.8 149.43-243.54 170.3 ± 23.9 150.37-251.79 180.7 ± 22.2 149.43-243.54 < 0.001

L4-L5 179.2 ± 23.4 133.26-234.55 167.8 ± 22.6 124.59-224.15 173.5 ± 22.6 133.26-234.55 < 0.001

L5-S1 173.9 ± 12.2 166.60-219.67 165.7 ± 14.3 145.85-207.01 169.8 ± 12.5 166.60-219.67 < 0.001

p-value* 0.01 < 0.001 0.02
p-value* – statistically significant at p ≤ 0.05. Robust method is used to calculate reference range (MedCalc).  
AF – annulus fibrosus, ADC – apparent diffusion coefficient

Figure 5. Mean apparent diffusion coefficient (ADC) (× 10-6 mm2/s) (A) and T2* (ms) (B) values at different regions of interest (ROIs) in normal (grade I 
modified Pfirrmann grading) disc at 3 different lumbar disc levels
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Table 4. Mean ADC values (× 10-6 mm2/s) of all ROIs (NP and AF) across different MPGs in the total discs (irrespective of disc level)

ROI – ADC NP AF Overall

Grades Ant Mid Post Combined Ant Post Combined Entire disc

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Grade I 2824.9 ± 61.1 2863.5 ± 71.3 2804.7 ± 70.4 2831.1 ± 64.9 2817.5 ± 63.5 2772.3 ± 130.9 2794.9 ± 86.0 2812.9 ± 75.4

Grade II 2686.3 ± 82.1 2630.7 ± 93.3 2662.7 ± 92.9 2659.9 ± 86.3 2697.3 ± 75.9 2673.6 ± 87.8 2685.4 ± 80.9 2670.1 ± 83.1

Grade III 2420.5 ± 64.7 2352.8 ± 75.7 2372.1 ± 68.1 2381.8 ± 66.5 2446.4 ± 65.0 2402.8 ± 54.2 2424.6 ± 55.6 2398.9 ± 60.2

Grade IV 2125.8 ± 99.8 2070.1 ± 108 2090.2 ± 106.2 2095.4 ± 103.4 2176.4 ± 90.8 2115.3 ±103.5 2145.8 ± 92.3 2115.6 ± 97.1

Grade V 1867.6 ± 99.3 1792.0 ± 101.0 1830.1 ± 99.5 1829.9 ± 98.4 1913.4 ± 88.0 1837.4 ±105.8 1875.4 ± 93.8 1848.1 ± 95.7

Grade VI 1209.0 ± 188.6 1038.8 ± 187.5 1130.5 ± 194.4 1126.1 ± 170.1 1325.1 ±170.1 1220.1 ±180.6 1272.6 ± 169.6 1184.7 ± 159.8

Grade VII 631.5 ± 56.8 546.3 ± 82.1 577.2 ± 65.6 585.0 ± 65.2 693.5 ± 29.7 619.9 ± 52.4 656.7 ± 37.8 613.7 ± 53.3

Grade VIII 242.5 ± 178.7 193.9 ± 155.6 197.0 ± 156.8 211.1 ± 161.8 301.0 ± 205.8 249.0 ± 180.9 275.0 ± 192.6 236.7 ± 172.1

p-value* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
p-value* – statistically significant at p ≤ 0.05 
ROI – regions of interest, ADC – apparent diffusion coefficient, AF – annulus fibrosus, NP – nucleus pulposus
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Table 5. Mean T2* values (ms) of all ROIs (NP and AF) across different MPGs in the total discs (irrespective of disc level)

ROI – T2* NP AF Overall

Grades Ant Mid Post Combined Ant Post Combined Entire disc

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Grade I 186.8 ± 18.9 197.4 ± 18.4 177.8 ± 17.0 187.3 ± 16.7 181.7 ± 19.1 167.9 ± 20.3 174.7 ± 19.1 181.0 ± 17.9

Grade II 157.5 ± 16.0 143.9 ± 13.6 150.1 ± 14.2 150.5 ± 14.3 166.0 ± 14.8 153.6 ± 14.8 159.8 ± 14.2 154.2 ± 14.0

Grade III 122.3 ± 11.2 108.0 ± 15.9 114.9 ± 12.1 115.1 ± 12.6 128.9 ± 10.7 118.4 ± 10.4 123.6 ± 9.9 118.5 ± 11.2

Grade IV 88.2 ± 11.0 77.3 ± 11.4 81.3 ± 11.3 82.3 ± 10.9 97.4 ± 11.2 86.5 ± 11.9 92.0 ± 11.1 86.2 ± 10.8

Grade V 65.9 ± 7.9 53.2 ± 8.4 58.3 ± 8.0 59.1 ± 7.4 75.6 ± 8.7 65.3 ± 9.0 70.4 ± 8.1 63.6 ± 7.2

Grade VI 41.5 ± 15.2 30.5 ± 5.6 32.7 ± 7.4 34.9 ± 6.6 43.1 ± 10.3 35.1 ± 8.1 39.1 ± 9.0 36.6 ± 6.5

Grade VII 26.5 ± 3.7 20.7 ± 4.6 22.6 ± 4.1 23.3 ± 3.9 37.8 ± 7.4 27.7 ± 5.6 32.8 ± 6.3 27.1 ± 3.8

Grade VIII 17.0 ± 4.3 13.4 ± 3.3 15.6 ± 3.4 15.3 ± 3.6 25.6 ± 10.0 20.1 ±  9.7 22.8 ± 9.8 18.3 ± 6.0

P-value* < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
p-value* – statistically significant at p ≤ 0.05 
ROI – regions of interest, AF – annulus fibrosus, NP – nucleus pulposus

Figure 6. Mean apparent diffusion coefficient (ADC) (× 10-6  mm2/s) and T2* values (ms) of nucleus pulposus (NP) and annulus fibrosus (AF) across different 
modified Pfirrmann grades in all discs (irrespective of disc level)
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Figure 7. Correlation between modified Pfirrmann grading (MPG) and ADC 
values (× 10-6  mm2/s) (n = 300)
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Figure 8. Correlation between modified Pfirrmann grading (MPG) and 
T2*values (ms) (n = 300)

central: r = –0.95, p < 0.001; 
peripheral: r = –0.95, p < 0.001; 

all: r = –0.95, p < 0.001

central: r = –0.96, p < 0.001; 
peripheral: r = –0.96, p < 0.001; 

all: r = –0.96, p < 0.001

ious stages of LDDD, which is overlooked with subjective 
interpretation of conventional MRI [20]. According to 
the KIRKALDY-WILLIS stages of disc degeneration [30], 
early LDDD begins between ages 15 and 45 years, which 
was corroborated in our study which included young 

adults in the early stages of physiological IVD degenera-
tion, making them an ideal population to study ADC and 
T2* changes. 

We found a significant negative correlation (p < 0.01) 
between age and mean ADC (r = –0.34 to –0.70) and 
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T2* (r = –0.38 to –64) values of NP and AF for DDs, 
with a reduction in ADC and T2* values noted with in-
creasing age of the patients. Niu et al. reported a statisti-
cally significant inverse correlation between mean ADC  
(r = –0.37) and T2 relaxation (r = –0.77) values of NP 
and age in a study of 37 asymptomatic volunteers [31]. 
Abou Khadrah et al. also found a statistically signifi-

cant negative correlation for NP between T2 mapping 
(r = –0.255) and ADC (r = –0.193) values with age in 
their study of 300 pathological discs [32]. We did not 
find a significant difference between males and females 
in grades of LDDD or ADC/T2* values, similarly to  
the findings reported by Abou Khadrah et al. and Xiong 
et al. [32,33]. 

 0.00 0.25 0.50 0.75 1.00
1-Specificity

 0.00 0.25 0.50 0.75 1.00
1-Specificity

 0.00 0.25 0.50 0.75 1.00
1-Specificity
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1-Specificity

Table 7. T2* central cut-off (ms), sensitivity, specificity, AUC (area under the curve), and p-value between different MPGs

T2* – central AUC 95% CI p-value* Cut-off Sensitivity Specificity PPV NPV

Grade I: II 0.91 0.85-0.96 < 0.001 < 163 83.0 83.8 78.0 87.7

Grade II: III 0.97 0.95-0.99 < 0.001 < 130 90.5 91.5 90.5 91.5

Grade III: IV 0.97 0.95-0.99 < 0.001 < 98 91.2 92.9 94.5 88.6

Grade IV: V 0.97 0.95-1.0 < 0.001 < 70 91.8 89.5 88.2 92.7
p-value* – statistically significant at p ≤ 0.05  
PPV – positive predictive value, NPV – negative predictive value, CI – confidence interval 

Table 6. ADC central cut-off (× 10-6 mm2/s), sensitivity, specificity, AUC (area under the curve), and p-value between different MPGs

ADC – central AUC 95% CI p-value* Cut-off Sensitivity Specificity PPV NPV

Grade I: II 0.89 0.83-0.95 < 0.001 < 2700 63.8 91.2 83.3 78.5

Grade II: III 0.99 0.98-1.00 < 0.001 < 2490 95.2 97.9 97.6 95.8

Grade III: IV 0.99 0.98-1.0 < 0.001 < 2270 94.7 100.0 100.0 93.3

Grade IV: V 0.98 0.95-1.0 < 0.001 < 1970 98.0 98.2 98.0 98.2
p-value* – statistically significant at p ≤ 0.05 
PPV – positive predictive value, NPV – negative predictive value, CI – confidence interval

Figure 9. ROC curve between modified Pfirrmann grade I /II (A), grade II/III (B), grade III/IV (C), and grade IV/V (D)
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Shen et al. studied 200 normal discs and reported 
higher mean ADC and T2* values of NP compared to 
AF, which matched with our study for normal discs [24].  
The diffe rences in these values of various ROIs in normal 
discs closely coincided with the biochemical characteristics 
of discs with high ADC and T2* values in mid NP due to 
high PG, water content and low values in AF due to decline 
in water content but higher collagen fibre in peripheral AF 
[24]. This can be used to effectively monitor water mol-
ecule activity using ADC values and biochemical changes 
utilizing T2* mapping values in NP. T2* and ADC values 
of NP and AF for normal discs showed a gradual decrease 
from cranial to caudal disc levels, similar to the study by 
Kealey et al. of 210 discs in 44 subjects, which reported 
lower ADC values in caudal than in cephalic discs [25]. 
However, Shen et al. reported higher T2* and ADC values 
for lower lumbar than upper discs [24]. 

We found that T2* and ADC values of NP, AF, and the 
entire disc decreased with increasing MPG of LDDD, with 
significant negative correlation (p < 0.001), which is in 
concordance with a study by Xiong et al., which reported 
significantly decreased T2* and ADC values of NP and 
AF, and statistically significant negative correlation with 
increasing Pfirrmann grades (grade I-V) [33]. Niu et al.  
also found statistically significant negative correlation 
between ADC values of NP and inner AF with increas-
ing Pfirrmann grades from grade I-V [31]. Kealey et al. 
found that ADC values of DDs reduced by 9% as com-
pared to normal discs. This reduction in ADC values in 
DDs is sensitive to a gradual decrease in water content 
leading to reduced water molecule diffusibility in NP, as 
explained in various studies [25,31,34,35]. To the best of 
our knowledge, ours is the first study of DWI/ADC evalu-
ation of IVD using the MPG system. Abou Khadrah et al. 
reported increased mean ADC values in grade V after a 
significant decrease in grades from I-IV [32]. Niu et al. 
and Abou Khadrah et al. both reported decreased T2 
mapping values with increasing Pfirrmann grades except 
for grade V [31,32]. We did not find any such deviation 
in our study, which showed decreasing T2* values with 

increasing degenerative grades. Wang et al. studied 256 
discs and reported significant statistical correlation of 
T2 relaxation values from grades I-V with no apparent 
difference of values between grades V-VIII of MPG [36].  
Although we found the difference in T2* values to be 
statistically significant for these grades, it was less so for 
MPG V-VIII (Figure 6).

T2* mapping does not differ extensively from T2 map-
ping, and it depicts the same microstructural changes 
within IVDs with shorter imaging time; however, T2* is 
more likely to be affected by susceptibility field artefacts. 
Yang et al. described a strong fundamental correlation 
between relaxation times of T2 and T2* because both are 
associated with PG and water content [37]. T2 relaxation 
times that correlate with the structural integrity of IVDs 
show differences in different ROIs of disc and reduction 
in DD across grades due to dehydration and variations 
in biochemical compositions like reduced water and  
glycosaminoglycan content in various stages of degenera-
tion [38-40].

Abou Khadrah et al. found statistical significance for 
the T2 cut-off value only between grade II/III and grade 
III/IV, and for the ADC cut-off value only between grade 
III/IV [32]. However, we found statistically significant  
T2* and ADC cut-off values under the ROC curve 
for grades I/II, II/III, and III/IV as well as grade IV/V 
(Tables 6 and 7). The AUC values for combined ADC 
and T2* in the study were within the high accuracy 
range (0.98) irrespective of grades, indicating that 
both ADC and T2* value-based grade scales are suit-
able for assessing the degree of early degeneration of 
IVD at the biochemical level with a high degree of ac-
curacy as a comparison to conventional subjective 
MPG. The AUC for ADC and T2* values for grade I  
and II, which was found to be in the moderate (0.89) 
and high accuracy range (0.91), respectively, indicating 
that the T2* value-based grade scale is slightly better at 
evaluating degeneration of grade I/II level. ADC appears 
to be slightly more accurate (ranging from 0.98 to 0.99 
for grade II-V) than the T2* value (0.97 for grade II-V) in 

Table 8. Correlation between MPG and different parameters (ADC and T2*) 
in the total discs 

 Parameter Correlation coefficient (r) p-value*

ADC 

Central –0.95 < 0.001

Peripheral –0.95 < 0.001

Entire disc –0.95 < 0.001

T2*

Central –0.96 < 0.001

Peripheral –0.96 < 0.001

Entire disc –0.96 < 0.001
r – Pearson correlation coefficient, p-value* – statistically significant at p ≤ 0.05. 

T2* mapping AUC: 0.98           ADC AUC: 0.98           Reference

Figure 10. ROC curve between T2* and apparent diffusion coefficient (ADC) 
for predicting degenerative disc disease
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evaluating degeneration from grade II-V. Takashima et al.  
reported moderate accuracy and intermediate level of reli-
ability for T2 cut-off value-based grading [41]. 

We have concentrated more on early disc degenera-
tive grades (II-V) because T2* and ADC values hold sig-
nificance in detecting the biochemical changes in early 
LDDD with no significance in advanced degenerative 
grades where pathology has already progressed to a severe 
level of degeneration due to extreme biochemical imbal-
ance associated with morphological changes like reduced 
disc height with/without disc bulge or herniation [21]. 

The signal strength of T2WI in IVDs has been found 
to correlate with ADC values. Previous research proves 
that decreased diffusion was associated with reduced nu-
trient supply in LDDD [25]. Accordingly, ADC mapping 
could reflect subtle changes in the integrity and compo-
sition of early IVD degeneration. The T2* value detects 
both rotational and translational motion of water mol-
ecules in the collagen matrix [22-24]. The ADC value 
cannot detect the microscopic translational motion of 
protons and only measures isotropic diffusion [29]. Com-
pared to the ADC value, the T2* value appears more accu-
rate in determining water and collagen content, which ex-
plains the better performance of T2*-based grade scale at 
grade I/II for distinguishing normal from grade II MPG.  
The key finding of our study is that both T2* and ADC 
value-based grade scales are useful for evaluating grades 
of IVD degeneration with high objectivity in comparison 
to the visual assessment-based MPG system as measured 
by AUC, with the T2* value having slightly greater accu-
racy in differentiating grades I and II.

Many new therapeutic options like dietary supplemen-
tation (oral glucosamine), intradiscal injectables (glucos-
amine and chondroitin sulphate with dimethylsulfoxide 
and hypertonic dextrose or recombinant protein consisting 
of amino acid sequence blocks), cell-based reconstructive 
techniques (direct injection of growth factors or cytokine 

inhibitors), and autologous IVD cell implantation with 
gene therapy are available for NP augmentation [12,27]. 

Therefore, advanced imaging techniques are important to 
diagnose early stages of disc degeneration.

The primary limitation of our study was the lack of 
inter-observer variability and repeatability, because one 
reader defined the ROIs and obtained ADC and T2* val-
ues. Manual demarcation of ROI to cover the interior 
portion of IVD might have introduced subjectivity and 
bias. No histological correlation of ADC and T2* values 
was obtained with various disc degenerative grades. The 
study did not consider loading conditions of IVD, poten-
tial diurnal variations, and other influencing elements, 
including exercise, mechanical stress, obesity, smoking, 
and hereditary factors for LDDD. 

Conclusions
ADC and T2* mapping serve as a sensitive non-invasive 
evaluation method for biochemical condition of NP and 
AF for both normal discs and DDs which show reduced 
mean values. ADC and T2* maps can be added to con-
ventional MRI without substantially lengthening exam 
times, as potential imaging markers for qualitative and 
quantitative information on microstructural changes in 
early LDDD, helping in the early diagnosis and better 
management of LDDD.
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