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magnetic resonance study
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Abstract

Purpose Indicating lumbar disc herniation via magnetic

resonance imaging (MRI) T2 mapping in the posterior

annulus fibrosus (AF).

Methods Sagittal T2 maps of 313 lumbar discs of 64

patients with low back pain were acquired at 3.0 Tesla

(3T). The discs were rated according to disc herniation and

bulging. Region of interest (ROI) analysis was performed

on median, sagittal T2 maps. T2 values of the AF, in the

most posterior 10% (PAF-10) and 20% of the disc (PAF-

20), were compared.

Results A significant increase in the T2 values of discs

with herniations affecting the imaged area, compared to

bulging discs and discs with lateral herniation, was shown

in the PAF-10, where no association to the NP was

apparent. The PAF-20 exhibited a moderate correlation to

the nucleus pulposus (NP).

Conclusions High T2 values in the PAF-10 suggest the

presence of disc herniation (DH). The results indicate that T2

values in the PAF-20 correspond more to changes in the NP.

Keywords Magnetic resonance imaging � Lumbar spine �
Intervertebral disc degeneration � Posterior annulus
fibrosus � Disc signal � T2 mapping

Introduction

Intervertebral disc degeneration and disc herniation are

considered to be the main causes of low back pain,

although the exact mechanisms of pain generation are not

fully elucidated [1, 2]. Factors contributing to the devel-

opment of back pain, disc degeneration, and disc herniation

are manifold [2–6]. Back pain seems to be more prevalent

in the lower than in the upper lumbar spine [7]. Apart from

morphological changes, pathological discs can be distin-

guished by their water content and distribution of collagen.

Normal discs are characterized by higher water content in

the nucleus pulposus (NP) than in the annulus fibrosus (AF)

[8, 9]. Magnetic resonance imaging (MRI) is a well-

established, non-invasive method for the assessment of

intervertebral discs and their pathologies [10].

T2 mapping visualizes variations in collagen orientation

and water mobility. The changes in the biochemical com-

position during disc degeneration promote a change in T2

relaxation times [11]. T2 maps therefore allow for a

quantitative approach to the question of whether different

types of disc pathologies can be differentiated via MRI

[12–15]. It is important to notice that T2 values are also

dependent on other factors, such as age [16].

It is generally accepted that the posterior AF is a crucial

structure in the development of posterior intervertebral disc

herniation (DH) [17]. In normal discs, fibrocartilage like

the posterior AF exhibits a dense collagen network and low

water content, indicated by low T2 values [11]. The stiff-

ness and strength of the tissue increase from the inner AF

to the outer AF [18]. High T2 values in the posterior AF

may indicate a structural weakness of the collagen structure

and/or higher water content. The literature suggests that the

T2 relaxation time of the posterior AF could be useful for

the evaluation of present or imminent DH [13, 19].
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Recommendations by the North American Spine Soci-

ety, the American Society of Spine Radiology, and the

American Society of Neuroradiology authored by Fardon

and Milette in 2001 classify degenerative lumbar disc

disease as follows. In a herniated disc, the herniation may

take up to 50% of the circumference of the disc. In this

case, the AF is not intact. Herniated discs can be further

subdivided into protruded and extruded discs. A general

disc displacement taking up more than 50% of the cir-

cumference is termed bulging. It usually does not extend

far from the apophysis [20]. The Pfirrmann score is used to

grade discs on sagittal images on a scale from one to five

based on sagittal T2-weighted images [21]. In a study

concerning sodium MRI and T2 mapping, a significant

negative correlation between the modified Pfirrmann score

[22] and T2 mapping has been demonstrated [23]. Another

work comes to the conclusion that T2 mapping is more

suitable for the assessment of early cervical disc degener-

ation, after finding that NP T2 values show a strong and

negative correlation with the Pfirrmann score, but AF T2

values do not [24]. Another study found the Pfirrmann

score to be dependent on age and anatomical disc level

[25]. The progression of discs in MRI could give an indi-

cation to predict future DH. A possible location for this

would be the AF, as its structural weakening is thought to

play a role in DH. However, it is not known which part of

the posterior AF should be evaluated to predict the pres-

ence of DH. The aim of this study was to compare two

evaluation approaches for the posterior AF with regard to

indication of the presence of DH.

Materials and methods

Study design and study subjects

Ethical permission was granted by the local ethics com-

mission. Oral and written informed consent was obtained

from all study participants. The study was performed as a

cross-sectional study in patients with low back pain.

Patients with single or recurrent episodes of low back pain,

above 18 years of age and below 65 years of age, and who

were actively working, were included. Exclusion criteria

were radicular pain, neurological deficits of the lower limb,

known lumbar disc herniation within the last 2 years,

previous spine surgery, lumbosacral transitional vertebrae,

and contraindications for MRI.

Twenty-one male and 43 female individuals were

included in this study, for a total of 64 subjects. The mean

age was 38.5 ± 10.7 years (range 18–64), with

36.2 ± 9.5 years (range 23–52) for men and 39.6 ± 11.2

years (range 18–64) for women.

Magnetic resonance imaging

MR examinations were performed on a 3.0 Tesla (3T)

whole-body scanner (Tim Trio, Siemens Medical Solu-

tions, Erlangen, Germany) using a dedicated eight-channel

spine coil (3T Spine Matrix Coil, Siemens). Subjects were

scanned in the supine position. T1- and T2-weighted fast

spin echo (FSE) sequences in the sagittal and axial plane

were used for morphological evaluation. For T2 mapping, a

multi-echo spin echo sequence was used (repetition time

(TR) = 1200 ms; echo time (TE) = 13.8 ms, 27.6 ms,

41.4 ms, 55.2 ms, 69.0 ms, 82.8 ms; field of view (FOV):

220 9 220 mm2; pixel matrix: 256 9 256; voxel size:

0.86 9 0.86 9 5 mm3; number of sagittal slices: 10;

interslice gap: 1 mm; examination time: 7:45 min). T2

maps were obtained using a pixel-wise, mono-exponential

non-negative least squares (NNLS) fit analysis (MapIt,

Siemens Medical Solutions, Erlangen, Germany) (Fig. 1).

Image analysis

T1- and T2-weighted FSE sequences in the sagittal and

axial plane were used for morphological evaluation. All

discs were rated by an experienced, senior muscu-

loskeletal radiologist using the guidelines for the classifi-

cation of disc pathology by Fardon and Milette. Adhering

to this, discs with ‘‘localized displacement of’’ disc

material ‘‘beyond the intervertebral disc space’’ taking up

under 180� of the disc circumference were labeled her-

niation. Disc material displacement over 180� of the cir-

cumference was counted as bulging discs [20]. The

Pfirrmann score was used to evaluate disc degeneration

[21]. The T2 relaxation times of the AF were assessed on

the T2 maps by means of region-of-interest (ROI) analy-

sis. All evaluations were performed on the two most

central sagittal slices. More lateral sagittal slices were not

included in the evaluation to avoid partial volume effects.

Two approaches were chosen to evaluate the posterior AF:

a rectangular ROI covering (1) the posterior 20% of the

mid-sagittal disc diameter (PAF-20); and (2) the posterior

10% of the mid-sagittal disc diameter (PAF-10) (Fig. 2).

To this end, the disc was divided into five equal parts with

rectangular ROIs of the same dimensions. For (1), the

Table 1 Mean T2 relaxation times in the PAF-20 and the PAF-10

according to group

Group PAF-20: mean (±sd) [ms] PAF-10: mean (±sd) [ms]

G1 68,1082 (±22,12,417) 33,5051 (±7,52947)

G2 54,9380 (±20,51,823) 33,2713 (±8,34,674)

G3 47,8333 (±14,37,309) 36,9541 (±9,98,091)

All 59,8534 (±21,93,495) 33,8082 (±8,27,080)
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most posterior ROI (=PAF-20) was chosen. For (2),

another ROI was drawn in the PAF-20, covering exactly

the posterior half of it (=PAF-10). The NP was evaluated

by a rectangular ROI that included the middle 60% of the

disc. Discs with high-intensity zones (HIZ) were excluded

(N = 2 discs), since this would bias T2 measurements in

the posterior AF. Tears of the AF, observed as an HIZ,

have already been found to not influence future disc

degeneration [26]. The discs were then grouped according

to whether they presented with displaced disc material and

whether there was a herniation affecting the disc area that

was imaged. Group one (G1) comprises normal discs.

Group two (G2) includes lateral DH (five discs) and

bulging discs, graded using the system by Fardon and

Milette [20]. This group aims to gather all disc material

displacements, where no herniation is directly visible on

the two chosen slices, and thus no annular rupture. Group

three (G3) comprises discs with focal posterior DH in the

median, mediolateral, or paramedian position, again gra-

ded by Fardon and Milette [20]. In these cases, it was

certain that the selected imaging slices would be affected

(central 11 mm = central two sagittal slices). This

grouping does not aim to be its own grading system, but

gathers discs that the authors believe might share simi-

larities in the most posterior part of the AF with regard to

the MRI slices used. If artifacts reached into the region of

interest, single discs were excluded (N = 5 discs). All in

all, 313 lumbar discs were evaluated.

Statistical analysis

The statistical evaluation was performed using PASW

Statistics 19.0 (SPSS, IBM, Chicago, IL, USA). The mean

T2 values of the different regions were compared using a

one-way analysis of variance (ANOVA) with Tukey post

hoc tests. A Pearson correlation was used to measure the

association between PAF-20 and NP and between PAF-10

and NP. The strength of association was determined by

considering the correlation coefficients and their signifi-

cance. A correlation was considered very strong if there

was an absolute value of 0.80–1.00, a strong correlation by

0.60–0.79, a moderate correlation by 0.40–0.59, a weak

correlation by 0.20–0.39, and no correlation by an absolute

value under 0.20. A stepwise logistic regression was per-

formed for the binary outcome variable ‘‘G3’’ and covari-

ates PAF-20 and PAF-10 (step size 10 ms).

Fig. 1 Example of sagittal

lumbar disc T2 mapping (L3–

S1) laid over a T2 FSE spine

image. The Pfirrmann score for

these discs was 2 for the L3/L4

and L5/S1 discs and 3 for the

L4/L5 disc; the L4/L5 disc is

herniated, and the L3/L4 and

L5/S1 discs show bulging.

Higher T2 levels in the most

posterior part of the posterior

AF of the herniated disc are

noticeable. Image reproduced

from: Trattnig et al. [13]

Fig. 2 Model of ROI

placement. The posterior AF

was assessed using two different

approaches: The most posterior

10% and 20% of the disc in a

sagittal T2 map slice
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Results

Morphological MRI findings

One hundred and thirty-six discs (43.5%) were healthy and

showed no herniation or bulging. One hundred and thirty-

five discs (43.1%) were graded as bulging and 42 discs

(13.4%) as herniated. Twenty-four instances of DH

(57.1%) were found in the median disc section, 11 (26.2%)

in the mediolateral area, 2 (4.8%) in the paramedian region,

and 5 (11.9%) in the lateral area. This resulted in the fol-

lowing groups: G1 including all healthy discs, G2 com-

prising all bulging discs, and lateral DH (N = 140; 44.7%)

and G3 containing median, mediolateral, and perimedian

DH (N = 37; 11.82%) (Fig. 3).

Using the Pfirrmann score, two discs were classified as

grade 1 (0.6%), 182 discs as grade 2 (58.1%), 92 discs as

grade 3 (29.4%), 36 discs as grade 4 (11.5%), and 1 disc as

grade 5 (0.3%) (Fig. 4). In G1 discs, the mean Pfirrmann

score was 2.28 (sd = 0.58), in G2 discs 2.61 (sd = 0.717),

and in G3 discs 3.14 (sd = 0.751).

T2 mapping results

The mean T2 relaxation time for the PAF-10 and the PAF-

20 in all groups can be found in Table 1 and Fig. 4. The T2

values were found to be significantly higher in the PAF-10

of G3 discs than in those of G2 discs (p = 0.042). The

comparison of PAF-10 between G1 and G3 discs showed a

tendency for higher T2 values in the G3 discs (p = 0.062)

as well. However, the T2 values of the PAF-10 were very

similar in G1 and G2 discs (p = 0.970). For the PAF-10

and the NP, there was no association, with a Pearson cor-

relation coefficient of 0.050 (p = 0.380). The logistic

regression showed an estimated odds ratio for G3 of 2.57

for a 10 ms increase in T2 values in the PAF-10.

In the PAF-20, the G1 discs showed significantly higher

T2 relaxation times than both G2 discs and G3 discs (both

p\ 0.001). Although the G2 discs showed higher T2 val-

ues than the G3 discs, this difference was non-significant

(p = 0.159). The Pearson correlation between the PAF-20

and the NP was significant (p\ 0.001), with a Pearson

coefficient of 0.448. The logistic regression showed an

estimated odds ratio of 0.51 for a 10 ms increase in T2

values in the PAF-20.

This study aimed to provide insight into the question of

whether T2 mapping could aid in the prediction of disc

herniation. T2 values were analyzed in the most posterior

parts of the AF, to demonstrate differences between her-

niated, bulging, and normal discs. The comparison of T2

values resulted in different findings for the PAF-10 and the

PAF-20. Overall, the PAF-20 showed mean T2 relaxation

times of about 27.4 ms higher than those of the PAF-10. In

the PAF-20, both G2 and G3 discs showed significantly

lower T2 values than normal discs (both p\ 0.001). There

was no significant difference between the PAF-20 T2

values of G2 and G3 discs (p = 0.195). In a previous

study, T2 relaxation times of the posterior 20% of the disc

were found to be significantly lower in discs with bulging

or herniation compared to normal discs as well [13]. In theFig. 3 Number of discs in the groups according to location

Fig. 4 Mean T2 relaxation times of the annulus fibrosus measured in

the most posterior 10% and 20% of the disc. In contrast to the PAF-

20, the PAF-10 showed elevated T2 values in G3. See also Table 1
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PAF-10, the mean T2 value of G3 discs was about 3.5 ms

greater than in the G2 discs. This difference was, however,

only at the border of significance (p = 0.042). Concluding,

G3 discs differed significantly from G2 discs in the PAF-10

and from G1 discs in the PAF-20. The results indicate that

a certain pattern of T2 relaxation times in the PAF-10 and

the PAF-20 may be characteristic for disc herniation. It

appears that even small structural changes in the posterior

parts of the posterior annulus, indicated by an increase of

T2 relaxation times, are associated with the presence of

disc herniation. The Pearson correlation suggests that while

the PAF-20 T2 values are connected to those of the NP, the

PAF-10 is an independent variable. As such, the PAF-10

might be able to represent solely the status of the posterior

AF, without taking into account changes in the NP. A

comparison of the values found in the NP, PAF-20, and

PAF-10 is given in Fig. 5. Thus, we favor the PAF-10

region as the critical region for the assessment of structural

weakness of the AF and the prediction of DH.

Discussion

Logistic regression indicates that a higher PAF-10 T2 value

raises the odds that a disc is herniated. The presence of DH

in discs with increased T2 values in the posterior part of the

posterior AF (PAF-10 in our study) is not surprising. T2

relaxation times in the AF are usually low and a change

thereof may indicate structural degradation. For the first

time, this study quantifies the association between T2

values in different regions of the AF and the presence of

DH. This cross-sectional data help to design future longi-

tudinal studies to assess the value of T2 values for future

DH.

Interestingly, higher T2 values in the PAF-20

decreased the odds of disc herniation in our study.

Another study found lower T2 values in the posterior AF

in herniated discs in comparison to normal discs [13].

Similarly, Ogon et al., using a similar ROI analysis by

dividing the disc into five parts, observed lower T2

relaxation times of the posterior AF in patients with

chronic lower back pain [19]. This could be explained by

the observation that the anterior part of the posterior AF

is heavily influenced by the state of the NP. If the water

content in the nucleus is high, it is likely that the anterior

part of the posterior AF also has higher water content.

This might be even more likely when the anterior part of

the posterior AF shows signs of early degeneration, with

the posterior part of the posterior AF being the last barrier

preventing disc material from herniating. Trattnig et al.

found that NP of discs with herniations or annular tears

had lower T2 values on average [13].

A disc with a great likelihood of herniation would,

therefore, show high T2 relaxation times in the PAF-10,

but low T2 relaxation times in the PAF-20.

A paper by Stelzeneder et al. shows low T2 values in the

AF of Pfirrmann Grade I discs and high T2 values in Grade

II, declining through Grade III and IV [27]. While our

results reflect this behavior for the PAF-20, in the PAF-10

T2 values rise until Grade III and decline thereafter.

The limitations of this study include the cross-sectional

design of our study. Thus, no predictions about future disc

herniation risk are possible. Furthermore, clinical evalu-

ation of patients using questionnaires was not available

for our study. A further limitation might be the exclusion

of discs with HIZ, as this presents the exclusion of a

specific group of extruded discs. HIZ are defined as high

T2 values and inclusion of these discs would certainly

produce a great difference between disc herniation and all

other discs. These high T2 values would, however, be a

mixture of two very different groups. This means, of

course, that there might be ‘‘HIZ’’ subresolution, chang-

ing the values in herniated discs that are not visible to the

examiner.

The grading system used in this study has been shown to

have relatively good inter-observer agreement [28]. As for

the ROI analysis, the inter- and intra-observer agreement

has been shown to be strong and medium to strong for the

posterior AF [27, 29]. In the future, autosegmentation

might provide an interesting alternative [30].

In conclusion, this in vivo study demonstrates that disc

herniation is more likely to be present if the posterior part

of the posterior AF shows structural weakening (indicated

by increased T2 values). Our data suggest that the struc-

tural weakness of this part of the lumbar intervertebral disc

can be measured quantitatively using T2 mapping in

patients with low back pain.
Fig. 5 T2 relaxation times of the NP, PAF-20, and PAF-10. In

comparison to the PAF-10, the PAF-20 shows values closer to the NP

Eur Spine J (2017) 26:877–883 881

123



Future longitudinal studies are needed to elucidate

whether the rise in T2 values in the posterior part of the

posterior AF precedes disc herniation. This could help to

predict future disc herniation and to allow for tailored

individual therapy programs, potentially preventing disc

herniation in patients with low back pain.
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