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BACKGROUND AND PURPOSE: DTI can provide valuable structural information that may become an
innovative tool in evaluating lumbar foraminal nerve root entrapment. The purpose of this study was
to visualize the lumbar nerve roots and to measure their FA in healthy volunteers and patients with
lumbar foraminal stenosis by using DTI and tractography with 3T MR imaging.

MATERIALS AND METHODS: Eight patients with lumbar foraminal stenosis and 8 healthy volunteers
underwent 3T MR imaging. In all subjects, DTI was performed with echo-planar imaging at a b-value
of 800 s/mm2 and the lumbar nerve roots were visualized with tractography. Mean FA values in the
lumbar nerve roots were quantified on DTI images.

RESULTS: In all subjects, the lumbar nerve roots were clearly visualized with tractography. In all
patients, tractography also showed abnormalities such as tract disruption, nerve narrowing, and
indentation in their course through the foramen. Mean FA values were significantly lower in entrapped
roots than in intact roots.

CONCLUSIONS: We demonstrated that DTI and tractography of human lumbar nerves can visualize and
quantitatively evaluate lumbar nerve entrapment with foraminal stenosis. We believe that DWI is a
potential tool for the diagnosis of lumbar nerve entrapment.

ABBREVIATIONS: FA � fractional anisotropy; MPG � motion probing gradient; VAS � visual analog
scale

In patients with degenerative lumbar disease, lumbar foram-
inal stenosis often causes nerve root entrapment, which is

characterized by radicular symptoms affecting the leg.1-6 This
condition may unfortunately result in failed back surgery syn-
drome because of the difficulty in making a correct diagnosis
and is a cause of continued postoperative pain.7,8 Conven-
tional MR imaging has been inadequate for evaluating symp-
tomatic foraminal stenosis, because of the high incidence of
false-positives found in asymptomatic elderly patients.9 New
diagnostic imaging techniques to detect lumbar nerve root
entrapment are urgently required.

DWI based on MR imaging can provide valuable informa-
tion regarding the microstructure of tissues by applying an
MPG in some directions to monitor the random movement of

water molecules, which is restricted in tissues.10-13 DWI has
been widely used clinically in the evaluation of the central
nervous system for the diagnosis of diseases such as acute
brain stroke.14 If there is no directional variation rate in tis-
sues, diffusion is said to be isotropic. In contrast, in neural
tissue water molecules tend to move along the nerve fibers,
and this is called anisotropic diffusion. Nerve tractography
uses DTI to visualize highly anisotropic nerve fiber tracts. The
diffusion data can be used for the determination of quantita-
tive diffusion values such as the ADC and a scalar FA value that
reflects the directionality of molecular diffusion. FA values
range from 0 to 1, with high FA values indicating anisotropic
diffusion and low FA values indicating more isotropic
diffusion.

Recently, several studies have shown that DTI is useful for
the evaluation and visualization of peripheral nerves15 and the
measurement of axon regeneration in rat16 and mouse17 sci-
atic nerves, demonstrating that a decrease in mean FA values
was observed in injured nerves with demyelination.15-18

Imaging of the spinal cord is challenging because of tech-
nical limitations such as the relatively small size of the cord,
susceptibility artifacts because of tissue-bone interfaces, and
the motion artifacts arising from respiratory activity.19

Although we reported previously that DWI of lumbar
nerves by using 1.5T MR imaging could visualize and quanti-
tatively evaluate lumbar nerve entrapment with foraminal ste-
nosis,20 to date, quantitative DTI has not been applied to eval-
uate the pathology of lumbar nerve root entrapment. Nerve
root entrapment may contribute to radicular symptoms in
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patients with lumbar foraminal stenosis. The purpose of this
study was to measure the FA of lumbar and sacral nerve roots
in healthy volunteers and in patients with lumbar foraminal
stenosis by using MR imaging at 3T. This study also investi-
gated whether tractography is useful for visualizing lumbar
foraminal nerve root entrapment.

Materials and Methods

Subjects
Eight patients (5 men, 3 women; median age, 61.0 years, range, 44 –75

years) who had unilateral radicular symptoms affecting leg pain with

lumbar foraminal stenosis and without central lumbar canal stenosis

were studied by using MR imaging. Eight healthy volunteers (5 men,

3 women; median age, 46 years; range, 37–55 years) served as con-

trols. Their diagnoses were based on neurologic symptoms; a selective

nerve root block; and a combination of diagnostic images, including

plain radiographs, CT, and MR imaging. This study included those

patients in whom performing a selective nerve root block accurately

diagnosed the location of symptomatic nerve roots. The location of

symptomatic foraminal stenosis in all 8 patients was L5 nerve roots. A

total of 64 L4 and L5 foramens and corresponding nerve roots (4

foramens/person) in 8 patients and 8 volunteer controls also were

analyzed with MR imaging and DTI to investigate diagnostic perfor-

mance. The patient exclusion criteria were as follows: 1) those who

had lumbar spine surgery before this DWI study, 2) those who had

multiple levels of lumbar canal stenosis, and 3) those who had my-

elopathy. The mean duration of sciatic pain before MR imaging was

16.2 months (range, 7–24 months). The leg pain was evaluated by

using a VAS scoring system from 100 (extreme amount of pain) to 0

(no pain). In this study, all of the patients underwent conservative

treatment.

MR Imaging Protocol
A 1.5T MR imaging scanner (Philips Medical Systems, Best, the Neth-

erlands) was used in this study. Sagittal T1-weighted (TR/TE, 400/14),

axial, and sagittal T2-weighted fast spin-echo (TR/TE, 4000/102) se-

quences were obtained by using a 256 � 256 matrix, 260-mm FOV,

and 3/1-mm section thickness/gap.

DTI Protocol
A 3T MR imaging scanner (Discovery MR750; GE Healthcare, Mil-

waukee, Wisconsin) was used in this study. Subjects were scanned in

a supine position by using a Sense XL Torso coil. DTI was performed

by using array special sensitivity encoding technique, factor: 2; chem-

ical shift selective suppression; and an echo-planar imaging sequence

with a free-breathing scanning technique. The following imaging pa-

rameters were set: 800 s/mm2 b-value; MPG, 11 directions; 6000/76

ms for TR/TE, respectively; axial section orientation, 3/0-mm section

thickness/gap; 320 � 256 mm FOV; 96 � 192 matrix; 3.3 � 1.66 �

3.0-mm3 actual voxel size; 1.6 � 1.6 � 4.0-mm3 calculated voxel size;

4 excitations; 50 total sections; and 4 minutes 54 seconds scan time.

Image Analysis
After DTI data were transferred to a PC, Volume-One (http://

www.volume-one.org/) and dTVIISR (diffusion TENSOR Visualizer

II)software(secondrelease;http://www.ut-radiology.umin.jp/people/

masutani/dTV.htm)21 were used for tractography and FA mapping

(Fig 1). The diffusion tensor was calculated by using a log-linear fit-

ting method. The ROIs were placed at 2 levels of the nerve root:

proximal and distal to the lumbar foraminal zone. FA was calculated

with the software at the 2 levels of the nerve root from L3 to S1 in

patients and healthy volunteers. The size of ROIs from 25 to 50 mm2

was selected to be as accurate as possible on the respective nerve roots

to avoid partial volume effects when the mean FA was calculated. In

this study, CSF contamination effects were considered to be negligible

because section thickness was 3 mm and therefore smaller than the L5

dorsal root ganglia size, which was 5 mm wide and 10 mm long. All

DTI analyses were performed twice by 2 trained spine surgeons to

evaluate intra- and interobserver differences. The evaluation of trac-

tography included abnormalities of nerve root such as disruption,

narrowing, and indentation.

Fig 2. Coronal tractogram of lumbar nerve roots in a healthy volunteer. L3, L4, L5, and S1
indicate the third, fourth, and fifth lumbar root, and the first sacral root.

Table 1: Mean FA values of healthy volunteers

Root

FA (Proximal) FA (Distal)

Right Left Right Left
L3 0.157 � 0.028 0.161 � 0.032 0.172 � 0.022 0.196 � 0.047
L4 0.183 � 0.017 0.190 � 0.027 0.188 � 0.031 0.185 � 0.029
L5 0.196 � 0.020 0.192 � 0.020 0.220 � 0.030 0.214 � 0.037
S1 0.195 � 0.030 0.192 � 0.040 0.212 � 0.032 0.205 � 0.040

Fig 1. Echo-planar imaging image (A) and FA mapping (B ) ROIs were placed on bilateral roots and FA values were calculated (B )

.
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Statistical Analysis
Statistical analyses were performed with StatView version 5.0 software

(SAS Institute, Cary, North Carolina). A post hoc test was used to

compare FA between healthy volunteers and patients with lumbar

foraminal stenosis at L3–S1 nerve roots. Comparisons of nerve root

FA values at the stenotic level between the entrapped side and intact

side in the same subject also were conducted.

Bland-Altman plots of comparisons were used to determine inter-

and intraobserver differences. Values of P � .05 were considered

significant.

Results

Healthy Subjects
In all healthy volunteers, tractograms clearly showed all
L3–S1 nerve roots and spinal nerve roots that symmetri-
cally coursed obliquely downward (Fig 2). Mean � SD
L4 –S1 FA values of nerves were 0.171 � 0.035 for L3,
0.186 � 0.026 for L4, 0.206 � 0.029 for L5, and 0.201 �
0.035 for S1. Mean FA values of the right and left side of the
proximal nerve roots were 0.183 � 0.028 and 0.184 �
0.032, and for the right and left side of the distal spinal
nerves were 0.198 � 0.034 and 0.200 � 0.038. Differences
were not found between the right and left side nerves at the
same lumbar segment (Table 1).

Subjects with Foraminal Stenosis
In patients, tractograms frequently showed abnormalities
such as nerve tract disruption, narrowing, and indentation
in their course through the foramen. Fiber tract reconstruc-
tion was performed by placing ROIs both proximal and
distal to the foraminal zone at axial DTI maps. However,
different tractograms were generated depending on
whether the ROI placement was proximal or distal to the
foramen only when foraminal stenosis existed. Figure 3
shows a sample tractogram by ROI placement on bilateral
L5 roots at the stenotic level. ROIs were placed both prox-
imally and distally to the foraminal zone at nonstenotic
levels on L3, L4, and S1 roots.

On the entrapped side of the right L5 root, by placing the
ROI on the proximal side (Fig 3A), nerve tracts were seen to be
disrupted and no tracts were found distal to the foramen.
However, by placing the secondary ROI on the distal side (Fig
3B), though the nerve tracts were traced on the distal side, a
deficit is seen in the foramen. In contrast, on the intact side of
the left L5 root, there was no difference whether the ROI was
proximal or distal.

Figures 4 and 5 show tractograms of 7 patients. By plac-
ing the ROI on the proximal side of the foramen, in all
patients, tracts reveal disruption of nerve fibers in the fora-
men (Fig 4). By placing the secondary ROI on the distal side

Fig 3. Tractograms of lumbar nerve roots in a 75-year-old
man with right L5–S1 foraminal stenosis (referenced as
patient 1 in Table 3) by ROI placement on bilateral L5 roots
at the stenotic level. ROIs were placed both proximally and
distally to the foraminal zone at the nonstenotic level of L3,
L4, and S1 roots. On the entrapped side of the right L5 root,
by placing the region of interest on the proximal side (A),
nerve tracts were seen to be disrupted and no tracts were
seen distal to the foramen (arrow). However, by placing the
secondary region of interest on the distal side (B ), though the
nerve tracts were traced on the distal side, a deficit is seen
in the foramen (arrow). In contrast, on the intact side of the
left L5 root, there was no difference whether the ROI was
proximal or distal.

Fig 4. Tractograms of 8 patients by placing the ROI on the
proximal side of the foramen. In all patients, tracts show
disruption of nerve fibers in the foramen (arrows).
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of the foramen, nerve traces show abnormalities such as
tract disruption (Fig 5, case 1), nerve narrowing (Fig 5,
cases 2– 6), and indentation (Fig 5, cases 7 and 8) in their
course through the foramen.

Figure 6 shows sagittal MR images (T1-weighted) and a
DTI from a patient (case 4; right L5 foraminal stenosis). Al-
though asymptomatic foraminal stenosis on the left L4 and left
L5 foramina were found by MR imaging, abnormalities such
as disruption of nerve fibers were only accurately detected on
symptomatic root by DTI. Table 2 shows the distribution of
foraminal narrowing in patients on MR imaging and DTI. No
abnormalities were seen in 32 foramens of healthy volunteers.
Of 24 asymptomatic foramens in the patients, 11 instances
(45.8%) of narrowing were detected by MR imaging. In con-

trast, no abnormalities (0.0%) of asymptomatic roots were
detected by DTI.

The mean FA of proximal nerve roots on the side of entrap-
ment was 0.128 � 0.036, which is significantly lower than the
0.213 � 0.042 on the intact side, and the mean FA of the distal
spinal nerve roots on the side of entrapment was 0.131 �
0.014, significantly lower than the 0.242 � 0.032 seen on the
intact side (P � .001; Fig 7 and Table 3). Differences were not
found in FA between healthy volunteers and patients with
lumbar foraminal stenosis at L3–S1 nerve roots. In this study,
no significant observer variations or interobserver variance
were found in the comparisons of FA values (Fig 8). The aver-
age leg pain VAS score in the 8 patients was 76.3, and there
were no correlations between the FA and clinical parameters
such as the VAS.

Discussion
Lumbar foraminal stenosis is a condition in which a nerve root
or spinal nerve is entrapped in a narrowed lumbar foramen in
degenerative lumbar spinal disorders.1-6 The incidence of
nerve root entrapment has been reported to be between 8 and
11% in degenerative lumbar disease.22,23 A higher incidence of
foraminal stenosis is found in the lower lumbar segments.24,25

Jenis and An4 reported that the most common roots involved
are the L5 root (75%), followed by the L4 root (15%), the L3
root (5%), and the L2 root (4%), which is consistent with our
findings. In its clinical presentation, severe leg pain at rest and

Fig 5. Tractograms of 8 patients by placing secondary ROI on
the distal side of the foramen. Nerve traces show abnormal-
ities (white arrows) such as tract disruption (case 1), nerve
narrowing (cases 2– 6), and indentation (cases 7 and 8) in
their course through the foramen.

Fig 6. Sagittal T1-weighted MR images (A; right side, B; left
side) and a diffusion tensor image (C ) of a 62-year-old man
with right L5–S1 foraminal stenosis (referenced as patient 4
in Table 3). Although asymptomatic foraminal stenosis on the
left L4 and left L5 foramina (arrowheads in B ) were found by
MR imaging, abnormalities such as disruption of nerve fibers
were only accurately detected at the symptomatic root by DTI
(arrow in C ).

Table 2: Incidence of detected foraminal narrowing in patients on
MR imaging and DTI

L4 L5 Total
MR imaging

Asymptomatic foramina (n � 24) 5/16 6/8 11/24
Symptomatic foramina (n � 8) 0/0 8/8 8/8
False-positive rate (%) 45.80

DTI L4 L5 Total
Asymptomatic foramina (n � 24) 0/16 0/8 0/24
Symptomatic foramina (n � 8) 0/0 8/8 8/8
False-positive rate (%) 0.00
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limited lumbar extension to the painful side (Kemp sign) were
observed at high frequency.23 Although imaging studies in-
cluding radiography, CT, and MR imaging26-29 provide an ef-
fective means for evaluating foraminal stenosis, these conven-
tional imaging techniques do not detect foraminal stenosis
with any certainty because false-positive findings may be fre-
quently observed. Evaluation of clinical findings and selective
nerve root infiltration and block are necessary to make a cor-
rect diagnosis.30 This condition unfortunately results in failed
back surgery syndrome because it is difficult to make a correct
diagnosis, for which advanced neuroimaging techniques are
required.

Although peripheral nerves cannot be selectively visualized
by conventional MR imaging by using T1- and T2-weighted
imaging, Yamashita et al31 have demonstrated the feasibility of
whole-body MR neurography with the use of DWI that can
depict tissues with an impeded diffusion, such as tumors,
brain, spinal cord, and peripheral nerves. MR neurography by
using DWI can clearly show lumbar nerve roots, and the mean
ADC in nerve root entrapment with foraminal stenosis is
higher than in intact nerve roots in approximately a 10-minute
scan time by using MR imaging at 1.5 T.20 The ADC map is
limited because the tissue contrast between nerves and sur-
rounding tissues is poor.15 In this study, we have shown that
DTI can clearly show tractograms of lumbar nerve roots and

determine FA values of the nerve roots in patients and healthy
volunteers in approximately a 5-minute scan time by using
MR imaging at 3T.

Olmarker et al32 reported that slow onset of compression
caused edema and demyelination in spinal nerve roots of pig
cauda equina. Morphologic and histologic studies of patients
with severe spinal stenosis confirm pathologic changes such as
demyelination and axon loss in redundant roots.33

Regarding studies of diffusion MR imaging focused on the
affected nerve, MacDonald et al18 used a mouse brain injury
model and showed that relative anisotropy and axial diffusiv-
ity were reduced by 6 hours to 4 days after trauma, corre-
sponding to axonal injury; from 1 to 4 weeks after trauma,
relative anisotropy remained decreased, whereas radial diffu-
sivity increased, corresponding to demyelination, edema, and
persistent axonal injury. Beaulieu et al11,12 reported that wal-
lerian degeneration after peripheral nerve injury reduces the
anisotropy of water diffusion. Reports of several studies indi-
cated that the FA values of peripheral nerves were strongly
correlated with axonal degeneration and regeneration in rat
and mouse sciatic nerves.16,17 The findings indicated that the
FA values were strongly correlated with axonal attenuation,
which supports the hypothesis that axonal membranes play a
major role in anisotropic water diffusion in neural fibers.

Previous studies of decreasing FA values in central nerve
lesions and peripheral nerve compression have been report-
ed.15-18 To date, there are no studies assessing FA values of
lumbar nerve roots by using DTI. In this present study, the
mean FA values in entrapped nerve roots were lower than they
were in intact nerve roots, indicating that diffusion in the tis-
sue had become more isotropic because of edema, in which
fluid is trapped in the tissue, creating an isotropic environ-
ment and a reduction in FA. In patients with foraminal steno-
sis, by placing the region of interest both proximal and distal to
the foraminal zone, nerve fiber tracts could not be seen in the
foramen because of the reduction of FA value.

For clinical use, tractography can provide anatomic infor-
mation and accurate localization of nerve compression in the
foramen, which can be helpful in surgical planning. Another
advantage of DTI is that nerve fiber tracts can be directly visu-
alized without making the maximum intensity projections
necessary in DWI.

We acknowledge that our study has several limitations. The
first is that a small number of subjects were investigated. Fur-
ther studies are needed to investigate whether our findings

Table 3: Patient summary

No.
Age
(yr) Sex

Symptomatic
Root

Disease
Duration

(mo)
VAS

(Leg Pain) DTI Findings

FA

Proximal Distal

Entrapped Intact Entrapped Intact
1 75 M L5 (Right) 15 60 Tract disruption 0.0698 0.162 0.117 0.195
2 64 F L5 (Left) 18 90 Tract disruption 0.086 0.185 0.148 0.278
3 66 M L5 (Right) 8 70 Tract disruption 0.112 0.271 0.130 0.252
4 62 M L5 (Right) 14 90 Tract disruption 0.165 0.238 0.124 0.223
5 47 M L5 (Right) 24 80 Tract disruption 0.135 0.174 0.106 0.238
6 44 M L5 (Left) 7 60 Tract disruption 0.128 0.200 0.138 0.242
7 64 F L5 (Right) 24 100 Tract disruption 0.16 0.271 0.141 0.292
8 68 F L5 (Right) 12 60 Tract disruption 0.166 0.203 0.143 0.214

Mean 61 15.2 76.3 0.128 0.213 0.131 0.242

Fig 7. Mean FA values at the proximal nerve root and distal spinal nerve in patients with
foraminal stenosis. The mean FA of proximal nerve roots on the side of entrapment was
0.155 � 0.049 and is significantly lower than the 0.208 � 0.036 on the intact side. The
mean FA of distal spinal nerve roots on the side of entrapment was 0.131 � 0.016 and
significantly lower than the 0.240 � 0.035 seen on the intact side (P � .001).
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remain valid in a larger population. Second, we could not re-
peat the DTI after surgery because of spinal instrumentation
artifacts such as those from pedicle screw systems. Third, when
multiple axonal fibers and different fibers cross within the
same voxel, diffusion anisotropy may become isotropic and
directional information is lost as a result of the partial volume
effect. Fourth, that tracts might be apparently missing in trac-
tograms of patients with foraminal stenosis does not necessar-
ily indicate loss of nerve fibers or paralysis but that there is
some isotropic change and FA reduction. Moreover, the num-
ber of tracts visualized by DTI did not present the actual vol-
ume of nerve fiber trajectories. Finally, further studies are
needed by using a stronger magnetic field, multiple acquisi-
tions for each encoding gradient direction, and a longer exam-
ination time to significantly improve image quality, for exam-
ple, by increasing the MR imaging signal intensity–to-noise
ratio.

Conclusions
This preliminary study demonstrates that DTI can be used to
visualize abnormalities such as nerve disruption, narrowing,
and indentation in their course through the foramen and to
quantitatively evaluate lumbar nerve entrapment in patients
with foraminal stenosis. We believe that DTI has the potential
to be used as a tool for the diagnosis of lumbar nerve
entrapment.
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Fig 8. Bland-Altman plots of comparisons of FA values. Most observed differences are within mean � 1.96 SD. Horizontal dashed lines indicate mean difference (middle line) and limits
of agreement, defined as mean difference plus (top line) and minus (bottom line) 1.96 � SD of differences. A, Relationship between differences in the first analysis and second analysis
(y-axis) and means of the first analysis and second analysis (x-axis). B, Relationship between differences in observer 1 and observer 2 (y-axis) and means of observer 1 and observer 2
(x-axis).

AJNR Am J Neuroradiol 32:1824 –29 � Nov 2011 � www.ajnr.org 1829


