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The Diagnosis of Herniated 
Intervertebral Disks with MR 
Imaging: A Comparison of Gradient­
Refocused-Echo and Spin-Echo Pulse 
Sequences 
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Axial MR images of 65 lumbar disks with herniated nucleus pulposus imaged by 
gradient-refocused-echo (GRE) and spin-echo (SE) MR pulse sequences of high field 
strength were compared for diagnostic quality. The GRE pulse sequence of 200-400/ 
15 (TRJTE) with a flip angle of 15-30° was selected as optimal because of its high 
signal-to-noise ratio and good contrast between CSF, nucleus pulposus, and bone. The 
GRE technique was confirmed to be more sensitive in detecting prolapsed disks than 
the SE technique, but was less sensitive in demonstrating extruded disks. The combi· 
nation of axial GRE and SE resulted in high delectability of herniated nucleus pulposus 
on axial MR images. 

Our results suggest that the GRE technique is an important adjunct to SE imaging in 
studying herniated nucleus pulposus. 

AJNR 11:17-22, January /February 1990 

MR imaging is established as a valuable diagnostic method for characterizing 
cervical and lumbar spine disorders [1 ] . In addition , a variety of new techniques, 
such as fast scan and multiangle slices , have been incorporated to provide better 
and more efficient diagnostic images [2-9] . The gradient-refocused-echo (GRE) 
technique of MR imaging is one such approach that has been applied to patients 
with cervical radiculopathy. Good results have been reported, citing the advantage 
that the thecal sac/disk interface is clearly visualized [2-5]. However, the efficacy 
of this technique for studying the lumbar spine has rarely been reported [7 , 8] . 

In the present study, the GRE technique was used to evaluate prospectively 
axial images of the lumbar spine. Image quality of the herniated nucleus pulposus 
was compared with those of conventional spin-echo (SE) sequences. An experi­
mental study designed to select an optimal GRE pulse sequence for the lumbar 
spine was performed by using theoretical calculations. 

Materials and Methods 

Experimental Study 

Experimental investigation to determine the optimal pulse sequence of the GRE technique 
for the diagnosis of lumbar disk disorders was conducted prospectively. MR images were 
obtained on aGE Signa 1.5-T unit with a flat product surface coil (1 0 x 6 in.). The following 
parameters were held constant for all images: 256 x 128 matrix, 20-cm field of view, 5-mm 
slice thickness, and four excitations. 

One normal volunteer was studied with a GRE technique that employed variable TRs, TEs, 
and flip angles. Initially , TE was held at 15, and TRs of 50, 100, 200, 300, and 400 and flip 
angles at 5, 10, 15, 30, 45, and 60° were used. Subsequently, TRs and flip angles were held 
at 200 and 30°, respectively , and TEs of 13, 14, 15, 16, 17, and 18 were used. In this MR 
unit, the minimal TE was 13. A section of L4-L5 disk was imaged with these variable 
parameters . 

Signal intensities (SI) of the CSF, disk material (nucleus pulposus) , and bone of the neural 
arch were measured by means of a region-of-interest function. Noise was calculated by using 
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a formula previously reported [1 OJ. Equal areas were used for Sl 
calculation of the CSF and disk material , and for area-to-noise cal­
culation. The signal-to-noise ratio was calculated for CSF and disk 
material by using a formula previously reported [1 OJ. Contrast be­
tween CSF and disk material was calculated by using the formula: 

(SI CSF-SI disk materiai)/SI disk material 

Contrast between disk material and bone was calculated by using 
the formula: 

(SI disk material-S! bone)fSI bone 

Clin~I Study 
An optimal GRE pulse sequence was selected on the basis of the 

experimental study, and its clinical efficacy was evaluated. About 300 
patients thought to have lumbar spine disorders were examined at 
1.5 T. All patients were imaged in the sagittal and axial planes with a 
flat product surface coil (1 0 x 6 in .). Sagittal images were obtained 
with T1-weighted, 500/20, and multiple-echo techniques with a longer 
TR, 2000-2500/30, 70, SE technique with one or two excitations. 

Relative proton-density-weighted SE images, 1400-2000/30, were 
used for axial planes with two excitations. T2-weighted SE images, 
1400-2000/70-80, were also used for axial planes in half the cases. 
Axial planes were obtained by using a multiple-angle, multiplanar 
technique that provided an independent choice of obliquity and po­
sition for each slice. 

A GRE technique was used for tilted axial planes of selected 
lumbar disks in question. GRE images were obtained by using the 
optimal technique in our experimental study, 200-400/15, a flip angle 
of 15-30° , and four excitations. A flip angle of 30° was used in most 
cases. The matrix was 256 x 128 with an 18- or 20-cm field of view 
for both SE and GRE techniques in the axial plane. The section 
thickness was 5 mm. 

The diagnosis of herniated nucleus pulposus was made by using 
sagittal SE images. The diagnostic criteria were as follows: (1) definite 
focal extrusion of the disk material into the epidural space; (2) 
disruption of the outer anulus fibrosus andjor posterior longitudinal 
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ligament; and (3) increased Sl of the displaced disk material. Definite 
bulging anulus fibrosus without herniated nucleus pulposus and 
extremely degenerated disks were excluded. Interpretation of the 
images was made in a blind fashion by three experienced neurora­
diologists. Good correlation of MR images with surgical findings was 
obtained in 29 cases. Fifteen of 36 patients with nonoperated her­
niated nucleus pulposus had axial CT imaging. Good correlation of 
MR images with axial CT images in these cases was also obtained. 
Twenty-one cases of nonoperated herniated nucleus pulposus were 
evaluated solely on the basis of MR as described above. 

Patients with herniated nucleus pulposus were classified into two 
groups, those with prolapsed disks and those with extruded disks 
(including sequestered disks) (Fig. 1 ), on the basis of the classification 
scheme described by Masaryk et al. [11J . A prolapsed disk was 
represented by slight protrusion of a nucleus pulposus of high inten­
sity on T2-weighted images. This was posteriorly bounded by a 
hypointense outer anulus fibrosus and posterior longitudinal ligament 
(Fig. 1 A). Another type of prolapsed disk demonstrated slight protru­
sion of the nucleus pulposus with minimal disruption of the outer 
anulus fibrosus. An extruded disk, on the other hand, was repre­
sented by a large anterior extradural defect caused by an obvious 
rupture of the outer anulus fibrosus andfor posterior longitudinal 
ligament (Fig. 1 B). 

Altogether, 65 cases of herniated nucleus pulposus, including 39 
prolapsed and 26 extruded disks, were diagnosed. Axial images 
obtained with GRE and SE techniques were compared for their ability 
to provide clear demarcation of the posterior margin of a herniated 
nucleus pulposus. Sl of herniated nucleus pulposus on GRE was also 
evaluated. 

Results 

Experimental Study 

Signal-to-noise ratio was calculated by using variable TRs 
and flip angles at a TE of 15 (Fig. 2). The signal-to-noise ratio 
of disk material showed a peak at 15° or 30° in each TR 
sequence. Longer TRs (200-400) yielded higher signaljnoise 

Fig. 1.-A, Prolapsed disk. T2-weighted sag­
ittal image <>f lumbar spine shows small protru­
sion of disk material of high signal intensity at 
L5-S1 level (arrow). Protruded disk material is 
bounded by outer anulus fibrosus and posterior 
longitudinal ligament of low signal intensity pos­
teriorly. 

B, Extruded disk. T2-weighted sagittal image 
of lumbar spine shows large extradural mass 
contiguous with nucleus pulposus in disk. Infe­
rior outer anulus fibrosus is disrupted (arrow). 



ratios of disk material. The signal-to-noise ratio of CSF, cal­
culated by using long TRs (300-400), showed a peak at 45° 
or 60° . The signal/noise ratio of CSF at shorter TRs (50-200) 
showed a peak at 15° or 30° . 

The contrast between CSF and disk material and between 
disk material and bone of the neural arch is shown in Fig . 3. 
The contrast between CSF and disk material showed a peak 
at 45° or 60° in each TR sequence. No significant increase 
or decrease of contrast was noted when the TR was in­
creased. Contrast between disk material and bone showed a 
peak at 15° or 30° in each TR sequence. Longer TRs (200-
400) yielded higher contrast than shorter TRs (50- 1 00). 

Images obtained at different TEs (13, 14, 15, 16, 17, and 
18) with a TR of 200 and a flip angle of 30° are shown in 
Figure 4. No significant differences in contrast or signaljnoise 
ratio were obtained . However, chemical shift cancellation 
artifacts were least prominent at aTE of 15. 

Clinical Study 

Table 1 compares the image quality of 65 axial GRE and 
SE studies. Herniated nucleus pulposus was detected in 54 
disks (83%) by the GRE technique and in 52 disks (80%) by 
the SE technique. Fifty-nine herniated disks (91 %) were de­
tected on either axial GRE or SE images. 
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Prolapsed disks were better shown in 20 (51 %) of the 39 
cases when using a GRE rather than an SE technique (Fig . 
5). In five (13%) of the prolapsed disks , SE images were 
superior to those of GRE. On the other hand, extruded disks 
were better shown in 12 (46%) of the 26 cases when using 
an SE rather than a GRE technique (Fig. 6) . In five extruded 
disks (19%), GRE images were superior to those of SE. 

Herniated disk material in 14 (54%) of 26 extruded disks 
had Sl that was higher than normal nucleus pulposus at the 
center of the disk and the same as CSF. 

Discussion / 

Sagittal MR images are effective in showing herni/ed 
nucleus pulposus, but axial images are necessary for showing 
eccentricity and extent of narrowing of the spinal canal and 
neural foramen resulting from herniated nucleus pulposus. 
Although the quality of axial images has improved, conven­
tional MR images are not considered comparable to that of 
high-resolution CT [8 , 9, 12-14]. 

Our experimental study was designed to select an optimal 
pulse sequence with good signal-to-noise characteristics. Ad­
equate contrast between CSF, disk material , and bone was 
also investigated, because diagnosis of lumbar herniated 
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Fig. 2.-A, Signallnoise ratio of disk material as function of flip angle and TR. 8 , Signal/noise ratio of CSF as function of flip angle and TR. 
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Fig. 3.-A , Contrast between CSF and disk as function of flip angle and TR. 8 , Contrast between disk and bone as function of flip angle and TR. 
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nucleus pulposus requires clear identification of CSF, disk 
material, and bone. The Sl of the GRE technique is determined 
by the TR , T1 , T2*, and flip angle. The flip angle for optimal 
signaljnoise is called the Ernst angle [2, 1S, 16] (see the 
appendix). Our experimental study is equivalent to an inves­
tigation of Ernst angles for CSF and disk in each sequence. 
The signaljnoise ratio of disk material in each TR sequence 
and of CSF in shorter TR sequences (S0-200) showed a peak 
at 1S o or 30° . This indicated that Ernst angles for these 
sequences were about 1S0 or 30° . Ernst angles of CSF at 
longer TR sequences (300-400) are considered to be about 
4S 0 or 60°. This result is consistent with the theory that the 
Ernst angle increases as TR increases. 

Images of flip angles at so and 10° had more noise than 
did those at larger flip angles. Although images at flip angles 
of S0 and 10° are T2*-weighted, with CSF and disk material 
of high Sl , the signaljnoise ratio of CSF and disk material was 
considered inadequate. 

For intermediate fast scans, a TR of 200-400 and flip 
angles of 1S-30° result in mild to moderate T2* weighting , 
theoretically [1S]. This imaging procedure showed good sig­
naljnoise for CSF and disk material. Good contrast between 
CSF, disk material , and bone was also obtained when using 
flip angles of 1S 0 and 30° and a longer TR technique. 

The images at longer fl ip angles (4S 0 and 60°) had low 
noise. The good contrast we obtained between CSF and disk 

Fig. 4.-A-F, Series of axial images at TE = 
13 (A), TE = 14 (8), TE = 15 (C), TE = 16 (D), 
TE = 17 (E), and TE = 18 (F). TR and flip angle 
were held constant at 200 and 30°, respectively. 

TABLE 1: Delectability of Herniated Nucleus Pulposus 
by GRE and SE 

Results of Prolapsed Extruded 
Total 

Diagnostic Sequence Disk Disk 

GRE alone, not seen on SE 6 1 7 
GRE better than SE 14 4 18 
GRE same as SE 10 7 17 
SE better than GRE 2 10 12 
SE alone, not seen on GRE 3 2 5 
No herniated nucleus 

pulposus detected 4 2 6 

Total 39 26 65 

material is compatible with the results reported by Buxton et 
al. [16]. However, this sequence could not produce contrast 
between disk material ·and bone that was as good as that 
obtained with flip angles of 1S0 and 30° . 

We did not study sequences with long TEs because longer 
TEs degraded image quality as a result of magnetic suscep­
tibility effects [17]. Instead, we looked to significant differ­
ences between variably short TE ·parameters. A variable TE 
was supposed to yield in-phase and out-of-phase images by 
creating differences in the Larmour equation for fat and water. 
Out-of-phase images were expected to be better because 



Fig. 5.-A, T2-weighted sagittal image (2000/70) of prolapsed disk in right lateral recess at L5-S1 level. 
B, On axial SE image (1400/30), focal protrusion into thecal sac was unclear. 
C, Diskographic effect. GRE image (400/15/30°) clearly demonstrates focal pathway (arrow) of herniated nucleus pulposus. 

A B c 
Fig. 6.-A, Proton-density-weighted sagittal image (2000/30) of extruded disk at L4-L5 level. 
B, Extruded disk obvious on a sagittal image is clearly visualized on axial SE image (1400/30). 
C, On axial GRE image (200/15/30°), the disk/thecal sac interface is less clear than on SE image. 

they can highlight the signal of water in the herniated nucleus 
pulposus on a black background of bone marrow [18]. How­
ever, bone marrow signal from any TE sequence was mark­
edly decreased. Bone marrow consists of trabecula inter­
spersed with bone, and red and yellow marrow. This honey­
comblike structure causes local field inhomogeniety, leading 
to rapid T2* dephasing. The T2* value of the vertebral body 
is approximately 1 0; therefore, the bone marrow appears 

black when using a TE longer than 10 [19) . Because of this 
effect, contrast and signaljnoise ratio were not significantly 
altered by anyTE setting in this study. However, images at a 
TE of 15 showed the least chemical shift cancellation artifacts 
and were selected as optimal. 

In accordance with these experimental results, we selected 
a TR of 200-400, a TE of 15, and a flip angle of 15- 30° as 
the optimal imaging sequence for the lumbar spine. 
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In the clinical study, we classified herniated nucleus pulpo­
sus as prolapsed or extruded disks. Prolapsed disks were 
occasionally difficult to distinguish from bulging disks. There­
fore, we used two diagnostic criteria for prolapsed disks: (1) 
a hyperintense prolapsed nucleus pulposus on T2-weighted 
images, and (2) a disrupted anulus fibrosus [11]. 

Axial GRE was more sensitive in detecting prolapsed disks 
than was axial SE. A prolapsed disk usually appears as a 
small focal extrusion of the disk plane in conventional SE 
images and is expected to be of high intensity on T2-weighted 
images. However, T2-weighted SE images were less effective 
than expected. The high signaljnoise ratio of our GRE tech­
nique assisted in demonstrating prolapsed disks that were 
only small protrusions on axial images. In addition, the GRE 
technique occasionally demonstrated the pathway of the her­
niated nucleus as high-intensity areas (Fig. 5). This disko­
graphic effect by the GRE technique also was helpful in 
demonstrating prolapsed disks. 

On the other hand, extruded disks were more easily dem­
onstrated on axial SE images. Typical focal extrusion of the 
disk material was clearly visualized. However, on axial GRE 
images, focal extrusions of five cases were difficult to dem­
onstrate because the disk/thecal sac interface was unclear. 
Extruded disks show disruption of the anulus fibrosus andjor 
posterior ligament, and the actual disk/thecal sac interface 
becomes a thin structure. Thus, if there is not adequate 
contrast between extruded nucleus pulposus and CSF, the 
disk/thecal sac interface becomes unclear. On GRE images, 
the extruded nucleus pulposus had a tendency to have a 
higher intensity than the normal nucleus pulposus and was of 
low contrast compared with CSF. The disk/thecal sac inter­
face becomes unclear because of the same phenomenon. 
Flip angles of 45° and 60° , which were confirmed to yield 
more contrast between CSF and disk material by the experi­
mental study, may provide better images of extruded disks. 

In four cases, sequestered disks were overlooked on axial 
GRE images because the GRE technique was applied only 
for disk planes. This disadvantage can be avoided if slices 
slightly above and below the disk planes are obtained. 

In conclusion, our present GRE technique is more sensitive 
than SE in detecting prolapsed disks, but it is less sensitive 
than SE in demonstrating extruded disks. Reportedly, the 
GRE technique is sensitive to motion artifacts and magnetic 
susceptibility artifacts, and these artifacts degrade images 
[3]. However, our GRE images do not seem to be influenced 
critically by those artifacts, and anatomic details were readily 
identified because of a high signaljnoise ratio. Our results 
show that the combination of axial GRE and SE provided 
90% sensitivity in demonstrating herniated nucleus pulposus. 
An improved GRE technique will be an even more important 
adjunct to SE images in future studies of this disorder. 

Appendix 

The image intensity S in GRE image is calculated by 

S = SO sin(8)[1 - exp(-TR/T1 )]exp(-TE/T2*) 
1 - exp(-TR/T1 )cos( B) 

where SO is proton density and e is a flip angle. 

Ernst angle, the flip angle that optimizes signaljnoise ratio, 
can be given by 

cos(a)=exp(-TR/T1) 

where a is the Ernst angle. 
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