(-]

www.nrronline.org @)
o
doi:10.3969/j.issn.1673-5374.2013.33.010  [http://www.nrronline.org; http://www.sjzsyj.org]
Tian X, Liu HJ, Geng ZJ, Yang H, Wang GS, Yang JP, Wang CX, Li CN, Li Y. Scanning pattern of diffusion tensor tractography and an
analysis of the morphology and function of spinal nerve roots. Neural Regen Res. 2013;8(33):3159-3166.

NEURAL REGENERATION RESEARCH
Volume 8, Issue 33, November 2013

Scanning pattern of diffusion tensor tractography
and an analysis of the morphology and function of
spinal nerve roots

Xin Tian, Huaijun Liu, Zuojun Geng, Hua Yang, Guoshi Wang, Jiping Yang, Chunxia Wang,
Cuining Li, Ying Li

Department of Medical Imaging, the Second Hospital of Hebei Medical University, Shijiazhuang 050000, Hebei Province, China

Graphical Abstract

Number of fiber

Creatively established the scanning pattern bundles

of diffusion tensor tractography

, Nerve root
Radiculopathy P alteration
Established a scoring

system of nerve root
morphology

Area of cross
section of fibers

— Wwhich alteration is significant?

How they provide
guidance for future

Appearance of clinical studies?

fiber bundles

Abstract

Radiculopathy, commonly induced by intervertebral disk bulging or protrusion, is presently diag-
nosed in accordance with clinical symptoms because there is no objective quantitative diagnostic
criterion. Diffusion tensor magnetic resonance imaging and diffusion tensor tractography revealed
the characterization of anisotropic diffusion and displayed the anatomic form of nerve root fibers.
This study included 18 cases with intervertebral disc degeneration-induced unilateral radiculopathy.
Magnetic resonance diffusion tensor imaging was creatively used to reveal the scanning pattern of
fiber tracking of the spinal nerve root. A scoring system of nerve root morphology was used to
guantitatively assess nerve root morphology and functional alteration after intervertebral disc de-
generation. Results showed that after fiber tracking, compared with unaffected nerve root, fiber
bundles gathered together and interrupted at the affected side. No significant alteration was de-
tected in the number of fiber bundles, but the cross-sectional area of nerve root fibers was reduced.
These results suggest that diffusion tensor magnetic resonance imaging-based tractography can be
used to quantitatively evaluate nerve root function according to the area and morphology of fiber
bundles of nerve roots.
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INTRODUCTION

Nearly two-thirds of adults suffer from low
back pain™. Axial spine pain is frequently
accompanied with nerve root pain or radicu-
lopathy. Patients often experience pain from
the buttocks to the leg and foot along the
back of thigh, sometimes accompanying re-
duced muscle strength. Under the above-
mentioned conditions, it is unclear whether
the function of the nerve root is altered and
what kind of change has occurred. In this
study, we sought to understand and quantita-
tively analyze the function of spinal nerve
roots in patients with radiculopathy.

In particular, we want to answer the following
questions: (1) What degree and type of nerve
root injury occurs in patients with radicu-
lopathy? (2) What changes in morphology
and function of nerve tracts occur after nerve
root function is affected?

Radiculopathy refers to skin pain and pares-
thesia induced by spinal nerve root dysfunc-
tion, as well as muscle weakness and deep
tendon reflex. The most common reason for
radiculopathy is spinal disease and interver-
tebral disk bulging or protrusion®?. Most
lumbago is non-specific and cannot be di-
agnosed only by clinical symptoms. However,
if the patients are affected with symptoms
and signs of radiculopathy on the lumbar
section, they should be questioned about
their case history and subjected to physical
examination®. Nevertheless, clinicians can-
not judge the source and severity of radicu-
lopathy merely by collecting the
above-described data. In these incidences,
imaging examination is necessary.

Radiography, CT and MRI can reveal spinal
degeneration-induced radiculopathy. Radi-
ography shows spinal degenerative changes
and spinal stability™™. However, radiography
is unable to image the structure of soft tissue
or nerve roots. CT apparently displays inter-
vertebral disk bulging or protrusion and lat-
eral recess narrowing[S], but CT examination
requires a high radiation dose, and so cannot
be used many times’®. These examination

methods cannot reveal nerve fibers after
spinal nerve root injury. MRI can clearly re-
veal intervertebral disk bulging or protrusion,
and directly display whether nerve root
compression has occurred”. T2-weighted
images (T2WI) can show the existence of
epidural adipose capsule, intervertebral disc
morphology and component®®. T1-weighted
images (T1WI) play an important role in the
evaluation of nerve structure, intervertebral
disc morphology and articular surface mor-
phology'.

Recently, some scholars have begun in-
vestigating dynamic MRI, and have meas-
ured and evaluated distance and angle of
vertebral translational displacement on the
central sagittal plane™®*. Dynamic MRI
has revealed abnormal intervertebral disc
morphology in patients with radicu-
lopathy™*®*. However, anatomical images
obtained with MRI were not helpful for im-
proving patient prognosis, only slightly af-
fected the formulation of the therapeutic
regimen™, and had no role in judgment of
prognosis™®*¥. Wwith the development of
MRI, besides conventional TIWI and T2WI
sequences, fast imaging employing steady-
state acquisition has been applied to obtain
nerve root images™. Fast imaging em-
ploying steady- state acquisition has also
been employed to perfectly reveal dorsal
root ganglia of thoracic segments, and
nerve roots and cauda equina nerves of the
lumbar spine*®*8,

Functional MRI can evaluate the degree of
nerve root injury at the molecular level. Dif-
fusion tensor MRI (DT-MRI) and diffusion
tensor tractography can sensitively detect
molecular diffusion in a three-dimensional
space, and reveal the characterization of
anisotropic diffusion, the pathway of molec-
ular diffusion, and completely exhibit the
anatomical form of fiber bundles of nerve
roots.

Currently, the diagnosis of radiculopathy
remains based on clinical manifestations of
the patients, because there is no quantita-
tive index to judge whether nerve roots are
affected or the severity of the change. This
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study first used diffusion tensor tractography to reveal
radiculopathy by the following: (1) Optimization and
implementation of scanning parameters of diffusion ten-
sor imaging, and an image analysis index and method for
spinal nerve root injury diagnosis. (2) Optimization of
image post-processing of diffusion tensor tractography of
the nerve root. (3) Summarize a quantitative evaluation
system for determining the extent of nerve root injury.

RESULTS

Baseline data of subjects

A total of 18 patients with intervertebral disc degenera-
tion-induced radiculopathy were included in this study
(Table 1).

Table 1 Baseline data of patients with intervertebral disc
degeneration-induced radiculopathy
No. Gender Age (year) Side Involved segment
1 Female 72 Right Ls=S;
2 Female 58 Left Las
3 Female 66 Right Lss
4 Male 57 Right Lss
5 Male 47 Right Ls—S,
6 Male 70 Left Lss
7 Male 63 Right Ls=S;
8 Male 48 Left Ls—S,
9 Female 40 Left Lss
10 Male 71 Right Ls=S;
11 Female 44 Right Ls—S,
12 Male 66 Right Ls=S;
13 Male 20 Left Lss
14 Female 49 Right Las
15 Female 49 Right Ls=S;
16 Female 57 Left Lss
17 Male 60 Right Ls—S:1
18 Female 50 Left Ls=S;
Male-female ratio was 1:1; mean age of 53.3+13.3 years. There
were 11 patients with right radiculopathy, and 7 patients with left
radiculopathy.

MRI images revealed intervertebral disc degeneration,
bulging or protrusion, resulting in intervertebral foramina
narrowing, nerve root compression, accompanied by
nerve root displacement or unclear boundaries between
nerve roots and intervertebral discs (Figure 1). All 18
patients were included in the final analysis.

Comparison of the number of nerve root fibers
between affected and unaffected sides in patients
with intervertebral disc degeneration-induced
radiculopathy

Volume one software was applied to calculate the num-
ber of fiber bundles. The number of fiber bundles ranged
from 40 to 88, averaging 61.28 + 11.13 on the unaffected

side. The number of fiber bundles ranged from 29 to 84,
averaging 57.11 + 13.40 on the affected side. Both
agreed with normal distribution (Fnafected sige = 0.356 4,
Faftected site = 0.978 7). The number of fiber bundles on the
unaffected side had a central tendency, mainly between
56 and 68, but the number of fiber bundles on the af-
fected side had a scattered tendency, mainly between 51
and 67. The number of fiber bundles was lower on the
affected side than that on the unaffected side, but no
significant difference was detectable (P > 0.05).

Figure 1 Magnetic resonance images of a 55-year-old
male patient with intervertebral disc degeneration-induced
radiculopathy.

He presented with left lower limb pain and weakness. (A)
Lumbar sagittal T2-weighted images (T2WI). (B) Ls/S;
axial T2WI. (C, D) Region of interest of the diffusion tensor
tractography. The Ls/S; intervertebral disc appears black,
and the protrusion is marked with the white arrow. The left
intervertebral foramina was narrow and the left nerve root
was compressed (A, B, arrow).

The boundary between the nerve root and the
intervertebral disc was not visible. Bilateral intervertebral
foramina were considered the region of interest to
calculate the fiber bundle map, maintaining bilateral
symmetry and identical area when drawing.

Comparison of the cross-sectional area of nerve root
fibers between the affected and unaffected sides in
patients with intervertebral disc degeneration-
induced radiculopathy

Volume one software was used to perform image post-
processing. The cross-sectional area of the nerve root
fibers on the unaffected side ranged from 703 to
5 000/unit, averaging 2 100.67 + 1 060.89/unit. The
cross-sectional area of the nerve root fibers on the af-
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fected side ranged from 463 to 2 840/unit, averaging
1 356.11 + 634.63/unit. There were significant differ-
ences in the cross-sectional area of the nerve root fibers
between affected and unaffected sides, and the area was
smaller on the affected side than on the unaffected side
(P <0.05).

Comparison of morphology of nerve root fibers
between affected and unaffected sides in patients
with intervertebral disc degeneration-induced
radiculopathy

Morphological score of nerve root fibers according to
integrity and branches is shown in Table 2.

Table 2 Scoring system for nerve root fiber morphology
(points)

Iltem With branches Without branches
Intact 2 1
Incomplete 1 0

2 points: intact fiber bundle with clear branches; 0 point:
incomplete fiber bundles, visible breakage, without branches.

On the unaffected side, one fiber scored O point (5.6%);
six fibers scored 1 point (33.3%); 11 fibers scored 2 points
(61.1%). On the affected side, five fibers scored O point
(27.8%), 12 fibers scored 1 point (66.7%), and one fiber
scored 2 points (5.6%). On the unaffected side, most fi-
bers scored 2 points; but on the affected side, most fibers
scored 1 point. Thus, significant differences in the mor-
phology of nerve root fiber were observed between af-
fected and unaffected sides (P < 0.05; Figure 2).

2.5

2.0

15

1.0

0.5

Score of fiber bundle form

Unaffected side Affected side

Figure 2 Quantitative comparison of the morphology of
nerve roots between affected and unaffected sides in
patients with intervertebral disc degeneration-induced
radiculopathy.

The morphological score of the nerve roots on the affected
side was lower than that on the unaffected side (P < 0.05;
mean + SD, n = 18, paired t-test).

Fiber-tracking images demonstrated that compressed
nerve roots had incomplete fiber bundles, with inter-
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rupted fiber bundles in some cases; the morphology of
fiber bundles was compact, without branching. Uncom-
pressed nerve roots commonly had intact fiber bundles,
with branching (Figure 3).

Figure 3 Fiber-tracking images of nerve roots in a
62-year-old female patient with intervertebral disc
degeneration-induced radiculopathy.

She presented with right lower limb pain for 1 year. (A)
Lumbar sagittal T2-weighted images (T2W1); (B) lumbar
L4ss intervertebral disc axial T2WI; (C, E) region of interest
for bilateral diffusion tensor tractography; (D, F) cross
section of the fiber tracking image of bilateral nerve roots.

L4-s vertebral body slightly slipped; the height of the Ls_s
intervertebral disc was slightly diminished; loss of high T2
signal, black; intervertebral disc protrusion; the right
intervertebral foramen was compacted; nerve roots were
compressed; the boundary between the nerve roots and
the intervertebral disc was unclear (arrow).

Atfter diffusion tensor tractography, right nerve root fibers
gathered together, were incomplete, and the area
decreased. The left nerve root fibers were scattered and
intact.

DISCUSSION

Radiculopathy is mainly diagnosed by clinical symptoms,
but there is no definitive diagnostic criterion™?. Inter-
vertebral disc bulging or protrusion are common causes
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of radiculopathy, after spondyloarthropathy®®?. It is of

important clinical significance to evaluate radiculopathy
and guide patient rehabilitation**%,

MRI is a frequently used method for examining nerve
root morphology. Previous studies have mainly focused
on the anatomy of nerve roots in radiculopathy®®>2®.
Furthermore, radiculopathy is currently diagnosed mainly
based on functional changes of nerve roots. Thus, func-
tional imaging of nerve roots is of great significance for
diagnosis, evaluation and treatment of the disease.

The present study first used DT-MRI to conduct func-
tional imaging of spinal nerve roots and investigate
radiculopathy induced by intervertebral disc degenera-
tion. Molecular diffusion along the direction of the nerve
root was faster than that perpendicular to the nerve root.
Thus, molecular diffusion of nerve roots is anisotropic,
and diffusion tensor imaging can reveal this characteris-
tic. The sensitivity of diffusion tensor imaging to molecu-
lar diffusion is associated with field strength and selected
b value. The higher the field strength, the bigger the b
value and the higher the sensitivity.

3.0T MRI was used to elevate the sensitivity of images.
The choice of b value requires careful consideration.
Excessively high b values lead to a reduction in sig-
nal-to-noise ratio and difficulty in describing a region of
interest. If the b value is excessively low, images can be
impacted by capillary blood flow?” 2%, After multiple pilot
experiments, 600 s/mm? was selected as the b value.

On the basis of diffusion tensor imaging, continuous an-
isotropy of molecular diffusion was visible within con-
secutive pixels. If this anisotropic continuity was detected,
we then conducted fiber tracking®.. Software is needed
to track nerve root fibers using diffusion tensor imaging.
There are two kinds of fiber tracking: definite tracking
and probable tracking. Because there were only a few
spinal nerve roots in the intervertebral foramen, we used
Volume one software with definite tracking.

Results of fiber tracking were associated with the choice
of region of interest and the fractional anisotropy thresh-
old®. The current study optimized and realized
post-processing of diffusion tensor imaging for spinal
nerve root injury. The intervertebral foramina was con-
sidered as the region of interest for fiber tracking, be-
cause intervertebral disc bulging or protrusion-induced
nerve root compression always appeared in this region.

Results from this study confirmed that this region of in-

terest could noticeably reveal the changes in nerve roots.
Fractional anisotropy is a value representing diffusion
anisotropy. A high fractional anisotropy shows a strong
anisotropic signal. Nevertheless, the measure of frac-
tional anisotropy can be impacted by fiber crossover, and
became low in the region where fiber crossover ap-
peared. The software could track the fiber bundles irrel-
evant to anatomy or stop tracking. During fiber tracking,
a certain fractional anisotropy threshold should be set.
That is, tracking ceased when the fractional anisotropy
value fell below the threshold. Because no study con-
cerning nerve root fiber tracking has been previously
published, this study was performed according to the
conditions used for brain fiber tracking with a threshold of
0.18. Experimental results verified that this threshold was
effective.

This study summarized a quantitative evaluation system
for nerve root injury, which could quantitatively analyze
the cross-sectional area of nerve root fibers and their
anatomical form to determine nerve root function. Re-
sults demonstrated that no significant difference was
detected in the number of fiber bundles between affected
and unaffected nerve roots. The number of fiber bundles
was confined by drawing a region of interest and the size
of imaging voxels, and did not represent the real number
of nerve roots. The diameter of nerve fibers was far
smaller than the pixel area; present magnetic resonance
images cannot reveal at the micron level. Moreover, dis-
played fiber bundles were imaged based on maximum
vector. Therefore, the number of fiber bundles was not
equal to the number of nerve roots. However, this track-
ing imaging reflected the real condition of nerve roots to
a certain degree by calculating the cross-sectional area
of the fiber bundle and by evaluating the morphology of
fiber bundles. The cross-sectional area of nerve root
fibers on the affected side decreased, which was con-
sistent with what was expected.

It is assumed that bulging or protruding intervertebral
discs occupied the intervertebral foramen, and nerve
roots were compressed. Morphological observation
demonstrated that compressed nerve roots were often
gathered, with no branching, and fiber bundles were
broken, suggesting that intervertebral disc degeneration
resulted in molecular diffusion of nerve roots, and im-
pacted nerve root function. Fiber bundles on the unaf-
fected side were scattered, with natural branching, which
was identical to healthy anatomical images.

This study confirmed that some unaffected nerve roots
do not present clear branches, but exhibit gathered
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morphologies, which could be induced by the different
scanning slice chosen. If the pedicles of the vertebral
arch are located in the central slice within the scanning
range, the tracking of fiber bundles in the lateral inter-
vertebral foramen would be impacted. In addition, dif-
ferent vertebral heights of different individuals impacted
the presentation of fiber images. To avoid this type of
bias, the present study only included patients with uni-
lateral nerve root compression for paired design. Differ-
ences in nerve root function could possibly be associated
with age and smoking®®. Because of the finite sample
size, the subjects were not grouped according to age.

Future studies will evaluate nerve roots according to
different ages. The cross-sectional area of the nerve root
was minute and the fractional anisotropy value of mo-
lecular diffusion of the nerve roots could not be precisely
measured. With the development of hardware for mag-
netic resonance, MRI images with minute voxels could
be obtained. Following this, nerve root function will be
better quantified, and the real condition of the nerve root
will be displayed, which could be used as a diagnostic
tool for radiculopathy. This study cannot establish a di-
agnostic criterion for radiculopathy using diffusion tensor
tractography as the sample size was too limited, but it
has implications for the diagnosis of radiculopathy from
clinical symptoms.

In summary, this study was the first to use diffusion ten-
sor tractography to reveal spinal nerve root function,
which may provide useful for gaining a better under-
standing of radiculopathy. Diffusion tensor tractography
provides useful information on molecular diffusion of
spinal nerve roots at the molecular level, along with pa-
tient diagnosis, treatment and prognosis.

SUBJECTS AND METHODS

Design
Self-control, imaging experiment.

Time and setting

Experiments were performed in the Department of Med-
ical Imaging, the Second Hospital of Hebei Medical
University, China from January to December 2012.

Subjects

A total of 18 patients with intervertebral disc degenera-
tion-induced radiculopathy from the Hebei Province of
China were enrolled in this study.

The subjects were diagnosed in accordance with one of
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the following symptoms: MRI showing reduced T2 signal;
intervertebral disc exceeding the vertebral edge; reduc-
tion or collapse of intervertebral disc height.

Inclusion criteria: (1) lower back pain and/or lower limb
pain, with or without lower limb disorder; (2) interver-
tebral disc degeneration observed by MRI; (3) inter-
vertebral disc bulging or protrusion caused by unilat-
eral nerve root compression on that plane; (4) nerve
root compression by the intervertebral disc or nerve
roots showing thin and flat form, having an unclear
boundary with the intervertebral disc; (5) without other
spinal diseases.

Exclusion criteria: (1) the subjects suffered from other
lumbar diseases besides spinal degeneration; (2) a his-
tory of trauma; (3) intervertebral disc bulging or protru-
sion leading to bilateral nerve root compression.

The protocols were conducted in accordance with Ad-
ministrative Regulations on Medical Institution, formu-
lated by State Council of China®?. The subjects gave
informed consent.

Methods

MRI

This study used Signal Excite HD 3.0 T high field-
strength MR scanner (GE Healthcare, Fairfield, CT, USA),
spine coil. The subjects lay in the supine position, their
ears were tightly plugged with cotton wool and they were
breathing smoothly. The median line of the body was
located in the center of the coil. The long axis of the body
was parallel to the long axis of the main field. Scanning
sequence included sagittal TIWI, sagittal and axial T2WI
and axial diffusion tensor imaging.

The parameters of diffusion tensor imaging were as fol-
lows: single shot-spin echo planar imaging sequence,
repetition time/echo time: 2 300/75.5 ms, slice thickness
5 mm, no spacing, 256 x 256 matrix, field of view: 38 mm
x 38 mm, b value: 0 and 600 s/mm?, six directions. Sag-
ittal TIWI parameters: repetition time 3 294 ms, echo
time 25.4 ms; sagittal T2W| parameters: repetition time 2
500 ms, echo time 108.9 ms; axial T2WI parameters:
repetition time 2 440 ms, echo time 120.8 ms.

Data processing

As exhibited in T2WI images (Figures 1, 2), unilateral
nerve root compression induced by lumbar degenera-
tion and intervertebral disc bulging or protrusion was
diagnosed. Volume one software was used to reveal
fiber images on the computer. The left and right inter-
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vertebral foramens were selected as regions of interest,
which were symmetric, and their areas were identical.

The number of fiber bundles in the regions of interest
was calculated, and fiber-tracking images were ob-
tained. Fiber tracking was stopped when fractional
anisotropy was < 0.18. Cross sections of fiber bundles
were recorded, and the image was input into CAD
software (Zhongwang, Guangzhou, Guangdong Prov-
ince, China). The image was magnified, and the region
of fiber bundle was labeled point by point. The area
was calculated. The fiber bundle was graded according
to morphology. On the transverse axis, the
cross-sectional area of the fiber bundles was measured
using CAD software.

Statistical analysis

Measurement data were expressed as mean + SD, and
analyzed using SAS 9.0 software (SAS Institute Inc.,
Cary, NC, USA). The difference in intergroup mean was
compared with paired t-test. A value of P < 0.05 was
considered statistically significant.

Research background: Present studies investigating radicu-
lopathy mainly focus on anatomical imaging. The evaluation of
nerve root function is significant to guide clinical studies and
applications.

Research frontiers: Some scholars outside of China have
used three-dimensional fast imaging employing steady state
acquisition of CT and magnetic resonance to examine nerve
roots. However, no studies have been published concerning the
research and evaluation of spinal nerve injury using diffusion
tensor imaging.

Clinical significance: This study was the first to use magnetic
resonance diffusion tensor tractography to assess nerve root
function, with a scanning pattern and post-processing, and
established a scoring system of nerve root morphology to
evaluate effects of radiculopathy on nerve root function and
injury degree.

Academic terminology: Fractional anisotropy is a scalar value
between 0 and 1 that describes the degree of anisotropy of a
diffusion process. A value of 0 indicates that diffusion is iso-
tropic, i.e., it is unrestricted (or equally restricted) in all direc-
tions. A value of 1 indicates that diffusion occurs only along one
axis and is fully restricted along all other directions.

Peer review: This study used diffusion tensor magnetic reso-
nance imaging-based tractography to evaluate radiculopathy.
As magnetic resonance imaging does not use radiation, it is a
promising tool for establishing a diagnostic criterion for radicu-
lopathy.
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