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Changes in lumbosacral spinal nerve roots on diffusion 
tensor imaging in spinal stenosis 
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Introduction
Lumbosacral degenerative disc disease is the most common 
cause of pain in the lower back and legs. The most common 
levels of disc degeneration are at L4–5 and L5 to S1 (Quint and 
Wilke, 2008; Hicks et al., 2009; Saleem et al., 2013). X-ray 
imaging plays a limited role in evaluating functional impair-
ment associated with spinal cord degeneration (Quint and 
Wilke, 2008). Furthermore, the severity of lower back pain 
does not match the degree of disc degeneration and facet 
joint pathology on radiographs (Hicks et al., 2009). 

Conventional magnetic resonance imaging (MRI), includ-
ing T1-weighted imaging (T1WI) and T2-weighted imaging 
(T2WI), can image lumbosacral disc degeneration, but does 
not image the entire lumbosacral spinal nerve roots (LSNR). 
Three-dimensional (3D) MR radiculography is able to dis-
play the morphology of LSNR, although it has poor image 
rending quality (Byun et al., 2012).

Diffusion weighted imaging (DWI) can provide valuable 
structural information and the apparent diffusion coefficient 
of the LSNR. DWI neuroimaging can visualize abnormalities 
such as nerve indentation, swelling, and transverse nerve di-
rection through the foramen, and can quantitatively evaluate 
lumbar nerve entrapment in patients with foraminal steno-
sis. However, the resolution of the apparent diffusion coeffi-
cient map is unsatisfactory and the limited directions of the 

gradient magnetic fields may affect the apparent diffusion 
coefficient value (Eguchi et al., 2010). 

Diffusion tensor imaging (DTI) has been used to image 
nerve fiber tracts in the white matter of the central nervous 
system, and can also display peripheral nerve fibers (Li et al., 
2013; Jang et al., 2014). Nevertheless, the application of DTI 
is less common for evaluation of LSNR morphology and pa-
thology (Filippi et al., 2010; Eguchi et al., 2011). Clinical prac-
tice requires quantitative evaluation of the degree of trauma 
and recovery after treatment in LSNR (Arrigo et al., 2011). In 
the present study, we performed conventional MRI versus DTI 
in the lumbosacral spine to evaluate the LSNR in both healthy 
volunteers and patients with spinal stenosis. The aim of this 
study was to examine the potential of DTI for intuitive and 
quantitative assessment of the compressed LSNR. 

Materials and Methods
Subjects
A total of 20 young healthy volunteers and 93 patients with 
lumbosacral stenosis were verified by physical examination 
in the Department of Orthopedics of the Second Affiliat-
ed Hospital of Guangzhou Medical University, China. For 
healthy volunteers, there were 14 males (mean age 23.3 ± 1.7 
years; range: 21–27 years) and six females (22.8 ± 1.9 years; 
range: 21–26 years) as a control group. 
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Conventional MRI
After signing informed consent, MRI scans were performed 
with a scanner (Signa 1.5T HDXT; General Electric, Milwau-
kee, WI, USA). For conventional examination, sagittal planes 
were oriented from the 10th thoracic vertebra to the coccyx 
on T1WI and T2WI, while axial T2WI scans were performed 
along the intervertebral spaces from L3 to S1 to assess inter-
vertebral disc changes. Axial T2WI and DTI scans were then 
performed in horizontal orientation from the upper-middle 
part of the L2 to the inferior margin of S1 with 8-channel 
cardiac array coils. 

The following scanning parameters were maintained 
for horizontal T2WI and DTI for orientation, slice thick-
ness, number of slices, field of view, and zero gap. For axial 
T2WI, the scanning parameters were repetition time of 
3,720.0–3,880.0 ms, echo time of 80.1–89.6 ms, slice thick-
ness of 3 mm, field of view of 300 × 300 mm, matrix of 256 
× 256, echo length of 16, number of slices of 50, signal exci-
tations and acquisitions of 2, and scanning time from 2′44′′ 
to 3′22′′. For DTI, the scanning parameters were repetition 
time of 10,000–10,400 ms, echo time of 71.8–72.1 ms, ma-
trix of 128 × 128, signal excitations and acquisitions of 8, 
diffusion factors at b values of 0 s/mm2 and 400 s/mm2, 12 
directions of diffusion gradients, and scanning time from 
17′30′′ to 18′12′′ in echo planar imaging. 

For post processing, images were processed using Functool 
5.2.09 on the MRI host computer. First, on axial scans of in-
tervertebral discs, the areas of the dural sacs were measured 
from L3 to S1 in both healthy volunteers and patients. At each 
level, the areas of the dural sacs were then measured three 
times and averaged. 

Patient selection
Patients who exhibited the following symptoms were se-
lected: intermittent claudication, numbness, and weakness 
that could be relieved by bed rest and bending motion or 
aggravated by extension of the legs. In a clinical test, pa-
tients exhibited altered sensation disturbances in the back 
and legs, weakening or disappearance in ankle reflection, 
and atrophy in the buttocks and legs. One patient exhibited 
cauda equina syndrome characterized by serious low back 
pain, radicular pain in both legs, numbness around the 
anus, urine retention, and fecal incontinence. With respect 
to accessing standards, only those patients without a metal 
frame of the vertebral body and dural sac area less than 
two-thirds of that at the corresponding normal interverte-
bral spaces were included in this study (Feng et al., 2000). 
Thirty-one patients out of 93 exhibited this requirement. 
The lesion group contained 18 males (mean 51.0 ± 9.1 
years; range: 33–63 years) and 13 females (62.5 ± 13.9 years; 
range: 39–80). 

DTI data analysis
In post processing of DTI data, after comparing the shape 
and contours of the dural sac on axial T2WI and DTI and 
ruling out image deformation, we selected one of 12 groups 
of DTI with 50 images, and then reconstructed the spinal 
nerves and ganglia on the maximum intensity projection. 

DWI neuroimaging in one direction was used as the refer-
ence for DTI tractography. To mark the nerve roots at the 
cauda equina and the dorsal root ganglia, the fractional an-
isotropy (FA) values of LSNR were measured in triplicate at 
each site; the positions were recorded for selecting the region 
of interest and tracking LSNR. The ‘seed’ and ‘target’ mode 
were used by referring the regions of interest of the proximal 
and distal ends of the LSNR on 3D axial DTI images. Images 
of the LSNR from L3 to S1 on both sides were reconstructed 
using an FA threshold of 0.18. 

Statistical analysis 
Data were analyzed using SPSS 11.5 software (SPSS, Chica-
go, IL, USA). The dural sac area, between two-thirds of the 
normal and the narrowed lumbosacral canal, and FA values 
between healthy volunteers and patients in the lesion group 
were compared using the Student’s t-test. A P value less than 
0.05 was considered statistically significant.  

Results
Dural sac area in healthy volunteers and patients with 
lumbosacral stenosis 
In 20 healthy volunteers, the dural sac areas of the axial lum-
bosacral canals were 188.7 ± 45.0 mm2, 174.6 ± 44.0 mm2, 
and 156.6 ± 44.5 mm2 at L3–4, L4–5, and L5 to S1, respectively, 
and 173.0 ± 46.1 mm2 on average. The residual dural sac 
area of the lumbosacral canal was reduced in patients with 
lumbosacral stenosis (98.9 ± 25.6 mm2) to two-thirds of the 
dural sac area of normal persons (115.3 ± 30.7 mm2) (t = 
4.719, P = 0.000).

FA values of LSNR from L2 to S1 between healthy 
volunteers and patients with lumbosacral canal stenosis 
The mean FA value was higher in healthy volunteers (0.332 
± 0.074) than that in patients with lumbosacral canal steno-
sis (0.304 ± 0.085) (P = 0.000). 

Neuroimaging and tractography of LSNR
In healthy volunteers, DWI showed symmetrical or almost 
symmetrical LSNR from L3 to S1, which was very clear from 
the bifurcation of the LSNR in the cauda equina to the 
dorsal ganglia. The LSNR from L2 to S1 was observed com-
pletely on DTI tractography, which corresponded to DWI 
neuroimaging and normal anatomy (Figure 1) (Arslan et 
al., 2011). Lumbosacral degeneration was seen in 74 LSNR 
of patients with spinal stenosis on T1WI and T2WI. On 
DTI tractography, 36 LSNR (49%) were thin and distorted, 
while 17 LSNR (23%) were ruptured (Figures 2 and 3). 
Morphologically, the most evident signs were asymmetry 
and distortion of the LSNR. Overall, these data suggest that 
the compression state of the ruptured LSNR on DTI was 
more serious than that of thinning and distortion observed 
with T1WI and T2WI.

Discussion
Spinal degeneration and spinal stenosis 
Senocak et al. (2009) reported that the cauda equina conduc-
tion time was significantly prolonged in lumbar spinal stenosis. 



1862

Hou ZJ, et al. / Neural Regeneration Research. 2015;10(11):1860-1864.

Figure 2 Changes in the LSNR of a 56-year-old male patient with spinal stenosis.
(A–C) Axial image of T2-weighted imaging showing bulging and left posterolateral protrusion of the intervertebral disc at L5 to S1 on A. Diffusion 
weighted imaging showing thinning of the left proximal L5 LSNR (empty arrow) and abruption of the left LSNR at L3 and L4 due to compression 
of the corresponding bulging disc (empty arrow). Diffusion tensor imaging showing distortion and abruption of the left proximal L5 LSNR and 
abruption of the left LSNR at the L3 and L4 levels (empty arrow). LSNR: Lumbosacral spinal nerve roots. 

 A    B    C   

Figure 1 Images of LSNR of a 22-year-old male healthy volunteer. 
(A–J) Axial scans of echo planar imaging showing the proximal LSNR, ganglion of the spinal nerve, and the dural sac at L5 to S1 on A and B (b = 
0 s/mm2) and on C and D (b = 400 s/mm2). The corresponding FA images are shown on E and F. DWI showing the LSNR and the corresponding 
ganglia on maximum intensity projection reconstruction of a thin slice from L2 to L5 on G and from L5 to S1 on H. Diffusion tensor imaging show-
ing the LSNR and the corresponding ganglia from L3 to S1 without coregistration with the reconstruction of DWI with a b value selected at 0 s/mm2 
on I, and with coregistration with the reconstruction of DWI with a b value selected at 0 s/mm2 on J. LSNR: Lumbosacral spinal nerve roots; FA: 
fractional anisotropy; DWI: diffusion weighted imaging. 

 A   

 E   

 G    H    I    J   

 B   

 F   

 C    D   
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Figure 3 Changes in the LSNR of a 59-year-old male patient with spinal stenosis. 
(A–C) Axial images of T2-weighted imaging showing extrusion of the intervertebral disc at L4–5. Diffusion weighted imaging showing distortion of 
the proximal parts of the bilateral L5 LSNR (empty arrow) and dural sac stenosis. Diffusion tensor imaging showing downward displacement and 
distortion of the bilateral proximal L5 LSNR (empty arrow). LSNR: Lumbosacral spinal nerve roots. 

 A    B    C   

When the central canal area was less than 1.5 cm2, a delay of 
cauda equina conduction may occur. Demyelination was pre-
viously reported in the compressed cauda equina (Senocak 
et al., 2009). Feng et al. (2000) also reported that the cauda 
equina showed high signal on MRI, with normal axons by light 
microscope, but worm-eaten changes in the myelin sheath 
without evidence of changes in polyribosomes and rough 
endoplasmic reticulum by electron microscope in dogs with 
25% canal stenosis at 12 weeks of recovery. In dogs with 50% 
canal stenosis, there was evidence of high signal on MRI, with 
varied axonal diameters, partial separation, and vacuolation 
by light microscope, and myelin degeneration, axonal atrophy, 
and metachromatic granules in Schwann cell membrane by 
electron microscope at 12 weeks of recovery. In dogs with 75% 
canal stenosis, there was evidence of high signal on MRI and 
disappearance of normal structures by light microscopy, and 
lamellar myelin disorders and axon loss by electron at 12 weeks 
of recovery. Taken together, compression leads to deterioration 
in the function and histology of the cauda equina. 

Sensitivity of FA in detecting spinal degeneration 
FA is an important indicator for describing the degree of an-
isotropy on DTI (Filler, 2009; Jambawalikar et al., 2010). An 
FA of zero represents isotropic diffusion, while an FA of 1 rep-
resents only linear diffusion. FA values in nerve fibers of the 
human body range from 0.2–0.8 (Jambawalikar et al., 2010). 
In the present study, the mean normal FA value of the LSNR 
was 0.332 ± 0.074. Anatomically, from the L1 to L5 level, the 
average angle was 40° (range 37–41°) between the LSNR and 
the dural sac. At the S2 level, the angle sharply reduces to 22 ± 
4° on average, and tends to be smaller in the following spinal 
nerves in the sacral canal (Cohen et al., 1990). 

Previous studies have used DTI for anatomical assessment 
of spinal nerves. For example, spinal nerve imaging by DWI 
could visualize anatomical structures from the separation 
of the LSNR to the dorsal ganglia. FA values of the spinal 
nerves were also significantly lower after sciatic neuropathy 
compared with controls. Furthermore, FA values in the sci-
atic nerve were correlated with disability scores and electro-
physiological parameters of axonal damage at baseline and 
at 6 months after the initial DTI scan (Mathys et al., 2013).  
The changes in FA values were strongly correlated with his-

tological changes, including axon and myelin regeneration 
(Takagi et al., 2009; Morisaki et al., 2011), and indicated that 
axon membranes played a major role in anisotropic water 
diffusion and that myelination could modulate the degree 
of anisotropy (Takagi et al., 2009). In the present study, the 
FA value of the LSNR was lower in areas of lumbar stenosis, 
in which the LSNR is compressed over a long period with 
demyelination and axonal degeneration (Feng et al., 2000). 
These findings are consistent with previous studies (Takagi 
et al., 2009; Morisaki et al., 2011; Mathys et al., 2013). 

Significance of tractography in assessing the changes in 
LSNR
Lumbosacral spine MRI clearly shows the structures of the 
spinal canal and characteristics of the spinal nerves on T1WI 
and T2WI. DWI can clearly visualize the shape of the spinal 
nerves and the nerve ganglia in maximum intensity projec-
tion mode (Zhang et al., 2009). In the present study, we used 
a group of DTI images in one direction for DWI to reduce 
the misregistration between DTI and DWI. 

The axial scanning of the two-dimensional T2WI in our 
study matched that of DTI with respect to range, thickness, 
and orientation for comparison of the spinal structures. The 
separation points of the LSNR and the dorsal ganglia were 
visible on DWI. This allowed us to mark the slice position 
of the LSNR and apply it to the axial images of DTI for se-
lecting the ‘seed’ and ‘target’ to reconstruct the LSNR. Our 
results confirmed that the LSNR could be displayed clearly 
and symmetrically in normal volunteers from L3 to S1 on 
DTI. However, in patients with lumbosacral stenosis, LSNR 
had a varied appearance including thinning, distortion, and 
abruption. Asymmetry and distortion were the main mor-
phological changes in LSNR. 

Study limitations
This study compared LSNR between normal volunteers and 
lumbar stenosis patients using DTI. DTI has high potential 
for displaying the morphology and histology of the LSNR. 
However, image distortion can occur with DTI as a result of 
eddy currents, cerebrospinal fluid motion, and physiological 
movement (Wang et al., 2011; Middleton et al., 2014). Si-
multaneously, the impact of the intervertebral discs should 
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be considered during reconstruction of the LSNR (Yang et al., 
2007), while the presence of the cauda equina will affect ob-
servation of the LSNR (Hou et al., 2013). Indeed, the finding 
of abruption of the LSNR on tractography does not indicate 
disconnection of the spinal nerves, but rather loss on trac-
tography tracing due to the lower FA (Eguchi et al., 2010). An 
indicator of the dural sac area may not fully reflect the real 
severity of LSNR compression, as the degree of stenosis of 
the lateral recess plays a more important direct role, while the 
lateral recess on one side or both sides is difficult to evaluate 
quantitatively and repeatedly. Nevertheless, the dural sac area 
represents an aspect of the severity of compression in the cau-
da equina. 

In clinical practice, after surgery the quality of DTI in 
reexamination is often diminished by the metal instrument 
fixed on the vertebral pedicles. In addition, scanning with 
DTI is time-consuming when the scanning direction is 
perpendicular to the spinal canal. Furthermore, the tractog-
raphy findings did not totally match the changes in LSNR 
on T1WI and T2WI, with nearly 30% false negative results. 
The quality of tractography and spatial resolution of the 
images were based mainly on the skill and experience of the 
operator. Thus, to assure the quality of DTI, future studies 
are required to reduce the scan time and improve the recon-
struction mode of tractography for assessment of LSNR. 
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