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Abstract

Background: Conventional MR imaging is not enough for evaluation of symptomatic foraminal stenosis, because
there is high incidence of false-positive results in asymptomatic elderly patients. Conventional MR cannot
quantitatively assess the severity of the nerve lesion. DTl is a non-invasive way to effectively trace the nerve fiber
bundle and quantitatively evaluate the nerve injury. DTl with fiber tracking may describe abnormalities beyond the
resolution of conventional MR techniques. The aim of this work was to compare between the mean values of
diffusion parameters such as fractional anisotropy and apparent diffusion coefficient of the compressed lumbar
spinal nerve roots and of the contralateral normal nerve roots. Correlate these parameters with the severity of
neurological symptoms. This is a prospective study that was conducted on 50 patients with symptomatic unilateral
posterolateral lumbar disc prolapse at a university hospital. They were investigated with diffusion tensor imaging
with tractography on a 1.5-T MR. The changes in the mean fractional anisotropy and apparent diffusion coefficient
values of the compressed nerves and the relationship between these changes and the severity of the neurological
side effects using Japanese Orthopedic Association score and visual analogue scale were investigated.

Results: The mean fractional anisotropy values were significantly lower (p < 0.001), and mean apparent diffusion
coefficient values were significantly higher (p < 0.001) in compressed nerves than in contralateral intact nerves.
There were strong correlations between the DTl parameters and the severity of the neurological symptoms as
assessed using the Japanese Orthopedic Association score and the visual analogue scale.

Conclusion: In patients with lumbar disc prolapse, radicular diffusion parameters are affected in the compressed
roots in comparison to the healthy roots and this affection is correlated with the degree of prolapse and with the
severity of neurological symptoms. DTl with fiber tracking provide clinically relevant information and describe
abnormalities beyond the resolution of conventional MR techniques.

Keywords: Lumbar disc prolapse, Diffusion tensor imaging, Fiber tractography, Fractional anisotropy (FA), Apparent
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Background
Disc degeneration can be associated with sciatica, lower
back pain, and disc herniation or prolapse [1].

Conventional MR imaging is not enough for evalu-
ation of symptomatic foraminal stenosis; DTI with
fiber tracking may provide clinically relevant informa-
tion and may describe abnormalities beyond the
resolution of conventional MR techniques. Mean frac-
tional anisotropy (FA) and apparent diffusion coeffi-
cient (ADC) map values which reflect microstructural
changes have been reported to be abnormal in areas
that may appear normal on anatomic MR images [2].
Diffusion tensor imaging (DTI) is an MR technique
developed on the basis of the diffusion-weighted im-
aging (DWI). DTI collects attenuated signal intensity
induced by a diffusion of water molecules in all direc-
tions of space through a diffusion-sensitive gradient
in numerous directions, quantitatively describes the
three-dimensional trajectory of spatial diffusion, and
can provide a diffusion direction characteristic of
living tissue [3].

The main purpose of tractography is to illustrate
the orientational architecture of tissues by combining
pathways of maximum diffusion coherence. The fibers
described with tractography are often considered to
represent individual axons or nerve fibers, but more
specifically, in physical terms, they are viewed as lines
that follow the maximum diffusion and that only gen-
erally reflect the axonal architecture [4].

The aim of this work was to compare between the
mean values of diffusion parameters such as frac-
tional anisotropy and apparent diffusion coefficient
of the compressed lumbar spinal nerve roots and of
the contralateral normal nerve roots. Correlate these
parameters with the severity of neurological symp-
toms. DTI with fiber tracking may provide clinically
relevant information and may describe abnormalities
beyond the resolution of conventional MR
techniques.

Methods

Patient population

This prospective study included 50 patients; thirty-
one men and nineteen women ranged from 24 to 65
years with a mean value 46.72 + 12.95 years who suf-
fered from unilateral radiculopathy and lumbar disc
prolapse. All patients underwent DTI scanning. The
patients gave informed consent, and the study had
prior approval from the faculty of medicine ethics
committee. The diagnosis was based on neurological
symptoms and MRI images. The location of the
symptomatic nerves in the 50 patients was seven at
L3/4, thirty-one at L4/5, and twelve at L5/S1.
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Excluded patients

Excluded patients were those with multi-level disc le-
sions, spinal deformities or spinal canal stenosis, previ-
ous history of spinal trauma, previous spinal surgery,
and radiological evidence of any inflammatory or neo-
plastic lesion affecting the spinal cord or vertebral col-
umn and patients with contraindications for MRI
examination.

Clinical assessment

Neurological severity was assessed using a visual
analogue scale (VAS) for low back pain and leg pain
from 10 (extreme pain) to zero (no pain), and the
Japanese Orthopedic Association (JOA; 0 to 17
points) scoring system. The normal JOA score is 17
points, based on upper extremity motor function,
lower extremity motor function, sensory, bladder, and
bowel function.

MRI protocol

A 1.5-T MRI scanner Siemens MAGNETOM Aera was
used in this study. Sagittal T1-weighted (TR/TE, 500/9),
axial, and sagittal T2-weighted fast spin-echo (TR/TE,
3000/123) sequences were obtained using a 248 x 267
matrix, 300-mm field of view (FOV), and 4-mm slice
thickness/gap.

The DTI series were acquired using spectral presa-
turation with inversion recovery (SPIR) and an echo-
planar imaging (EPI) sequence with a free-breathing
scanning technique. Patients were scanned in a supine
position using a SENSE Spine-coil. The following im-
aging parameters were set: 900 s/mm” b value, MPG:
15 directions, 6200/142ms for TR/TE respectively,
axial slice orientation, 2-mm slice thickness/gap, 320
x 213 mm field of view (FOV), 96 x 192 matrix, 1.2
x 1.2 x 2.0 mm3 voxel size, four excitations, 50 total
slices, 12 min scan time.

Image analysis
The diffusion tensor was calculated using the regions of
interest (ROIs) placed at three levels at 3-mm intervals
distal to the site of compression of the nerve by the disc
prolapse and on the contralateral healthy nerves on the
coronal image of ADC and FA maps and their mean
values were calculated. The size of the ROIs was selected
to be as precise as possible on the respective nerve roots
to avoid partial volume effects when the mean FA and
ADC were calculated.

Data was transferred to Siemens work station and
processed to perform tractography images.

Statistical analysis
The data were coded and entered using the statistical
package for social science version 18 (SPSS v 18).
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Table 1 Diffusion tensor imaging findings in the included

patients

DTI parameters Influenced side Healthy side P value
[mean (SD)] [mean (SD)]

FA 0.238 (0.05) 0.309 (0.07) 0.001%

ADC 1466 (0.256) 1.256 (0.215) 0.001*

*p value < 0.05 (significant)

Descriptive statistics were reported as mean + SD and
number (%) for categorical variables. Student’s ¢ test was
used for comparison between means of two unpaired
groups of quantitative variables. The one way of variance
analysis (ANOVA) was used to assess statistical differ-
ences of quantitative data between study groups. Bonfer-
roni test was used for groups’ multiple comparisons.
Chi-squared test was used for comparison between two
groups of categorical data. The Pearson correlation coef-
ficient (r) was used to describe the degree of relationship
between two variables. The sign of correlation coefficient
(+, —-) defines the direction of the relationship, either
positive or negative. The probability/significance value
(P value) > 0.05 is not statistically significant and < 0.05
is statistically significant.

Results
The mean FA value measured 0.238 (0.05) in com-
pressed nerves compared to 0.309 (0.07) in the contra-
lateral healthy nerves yet the mean apparent diffusion
coefficient value measured 1.466 (0.256) in compressed
nerves compared to 1.256 (0.215) in the contralateral
healthy nerves (Table 1).

Patients with disc extrusion had significantly lower
mean FA values and higher mean ADC values than
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those with disc protrusion and those with disc bulge. Pa-
tients with disc protrusion had significantly lower mean
FA and higher mean ADC values than those with disc
bulge (Fig. 1).

There was a statistically positive correlation between
FA values of affected nerve and JOA scores. There
was a statistically negative correlation between ADC
values of affected nerve and the JOA scores (Table 2,
Figs. 2 and 3).

There was a strong negative correlation between FA
values of affected nerve and the VAS scores. There
was also a strong positive correlation between ADC
values of affected nerve and the VAS scores (Table 3,
Figs. 4 and 5).

Fiber tractography revealed compression, distortion, or
displacement of involved spinal roots in lumbar disc
prolapse patients (Fig. 6). Involvement of spinal nerve
roots on DTI- fiber tractography is shown in (Table 4).

So the mean fractional anisotropy values were signifi-
cantly lower (p = 0.001), and mean apparent diffusion
coefficient values were significantly higher (p = 0.001) in
compressed nerves than in contralateral intact nerves.
There were strong correlations between the DTI param-
eters and the severity of the neurological symptoms as
assessed using the Japanese Orthopedic Association
score and the visual analogue scale.

Discussion

Low back pain is one of the most common health
problems among population all over the world [5].
About 75-84% of the general population suffers from
low back pain and 5-10% of them suffering severe
morbidity [6]. Men and women are equally affected,
and 50% of adults and 30% of adolescents are affected

1.8

1.6

1.4

N FA

1.2

m ADC

0.8

0.6

disc bulge

disc protrusion

Fig. 1 Comparison between DTl parameters in patients with disc bulge, protrusion, and extrusion
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Table 2 Correlation between DTl parameters and JOA scores

JOA

(r) coef. P value
FA 04 0.004*
ADC - 0342 0.015*

JOA Japanese Orthopedic Association
*p value < 0.05 (significant)

at least once [7]. Lumbar disc prolapse is considered
one of the most common causes for low back pain
[8]. Disc prolapse mechanically compresses adjacent
nerve roots causing inflammatory changes, leading to
sensory manifestations, motor abnormalities or
sphincteric troubles [9].

The degree of nerve root compression observed in
MRI is often inconsistent with the patient’s symp-
toms. Tractography is to illustrate the orientational
architecture of tissues by combining pathways of
maximum diffusion coherence [4]. High ADC values
are consistent with increase of the extracellular space,
usually representing edema regardless of its origin. FA
is an index of fiber organization, which reflects the
integrity of axonal bundles and the directionality of
water movement delimited by physiological barriers
such as myelin sheaths, endoneurium, perineurium, or
epineurium [10].

Our results were consistent with previous articles from
the literature such as Balbi et al. [11], Shi et al. [12], and
Zhang et al. [13] and revealed that the mean FA value
for the compressed nerve root was significantly lower
than that of contralateral healthy nerve root, and the
mean ADC value of the affected nerve root was
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significantly higher than that of contralateral healthy
nerve root.

These changes in diffusion parameters might be re-
lated to histological changes occurring in the com-
pressed nerve root. As described in experimental
studies, chronic compression and chemical irritation
of lumbar nerve root lead to variable histological
changes, including the acceleration of vascular perme-
ability with disrupted nerve root barrier and develop-
ment of intraneural edema and hyperemia in and
around the nerves. Also, compression induces reduced
blood flow and ischemia leading to demyelinated
nerve fibers, Wallerian degeneration, and endoneural
cracking [14]. These microstructural changes occur-
ring in compressed nerve roots lead to increase diffu-
sion in perpendicular plane to the largest eigenvalue
resulting in a decrease in FA, indicating a more iso-
tropic diffusion in the tissue. As for the increase in
ADC, we may assume that the intraneural edema and
the increased distance in axon fascicle occurring in a
compressed nerve root increases the water diffusivity
along the nerve bundles. These hypotheses may be
corroborated by two previous experimental studies
reporting a decreased FA in rat and frog segments of
sciatic nerves undergoing Wallerian degeneration [15].
However, due to various factors (i.e., magnetic inten-
sity, scanning parameters, motion and chemical shift
artifacts, and ROI differences), the differences of the
results in DTI metrics were frequently reported in
previous studies as Wu et al. [16].

Our study also found that patients with disc extrusion
had significantly lower mean FA values and higher mean
ADC values than those with disc protrusion and those
with disc bulge. Patients with disc protrusion had
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Fig. 3 Correlation between ADC and JOA scores for compressed nerves

significantly lower mean FA and higher mean ADC
values than those with disc bulge, which is consistent
with other study by Zhang et al. [13].

Our study revealed that there was a statistically posi-
tive correlation between FA values of affected nerve and
JOA scores. There was a statistically negative correlation
between ADC values of affected nerve and the JOA
scores, which is consistent with other study by Eguchi
et al. [17].

In accordance with other study by Zhang et al. [13],
our study revealed that there was a strong negative cor-
relation between FA values of affected nerve and the
VAS scores. There was also a strong positive correlation
between ADC values of affected nerve and the VAS
scores Contrary to our findings, another study by Taka-
shima et al. [18] failed to detect any significant correl-
ation between ADC values and VAS scores. They
attributed their findings to the difference in the way of
measuring of ADC, using short TI recovery as the DWI
fat suppression method or the water-selective excitation
technique as the DWI fat suppression method, which
yields a higher signal-to-noise ratio than the short TI re-
covery method.

DTI has a few limitations. Firstly, tractography is nu-
merical modeling of the diffusion tensor data using

Table 3 Correlation between DTl parameters and VAS scores

VAS

(r) coef. P value
FA - 087 0.001*
ADC 0.671 0.001*

VAS visual analogue scale
*p value < 0.05 (significant)

probability theories to model the most likely course of
diffusion, and the number of tracts visualized by DTI
did not present the real volume of nerve fiber trajector-
ies. Second, the magnetic susceptibility effect and in-
creases in motion artifacts lead to signal irregularities
and image distortion so that nerve fiber follow-up is lim-
ited in areas with artifacts. Third, the evidence is insuffi-
cient to support DTI as a diagnostic tool or predictor of
clinical outcomes. Fourth, automatic analysis methods
such as tract-specific automatic ROI placement are
needed [19].

When patients’ symptoms are inconsistent with
MRI findings, or when MRI reveals multi-stage disc
prolapse, accurate diagnosis can reduce the degree of
decompression, limit surgical trauma, and diminish
the cost of hospitalization. Recent studies have shown
the application of MRI combined with DTI or para-
spinal mapping (PM) can reduce false positives on
MRI and also replace invasive methods such as disc-
ography and selective nerve root block to further en-
hance diagnosis [20].

Conclusion

e In patients with symptomatic lumbar disc prolapse,
radicular diffusion parameters are affected in the
compressed roots in comparison to the healthy
roots.

e The affection of radicular diffusion parameters in
patients with symptomatic lumbar disc prolapse is
correlated with the degree of prolapse.

o This study has limitations. First, the relatively small
sample size, meaning a large number of clinical
studies is required to confirm repeatability of our
results. Second, the cross-sectional area of the nerve
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Fig. 6 a Thirty-five-year-old male patient, MRI sagittal T1 (A), sagittal T2 (B), and axial T2 (C) images show L5/51 right posterolateral disc extrusion. b, ¢ DTI
of the same patient with FA and ADC values measured along right and left ST nerves using ROI revealed mean FA of right nerve 0.194 and of left nerve
0418. Mean ADC of right nerve 1767 and of left nerve 1297. d Tractography image of the same patient revealed distortion of right S1 nerve root
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Table 4 Involvement of spinal nerve roots on DTl-fiber
tractography

Nerve roots Compression and distortion Displacement

L4 5 2
L5 25 6
S1 8 4

root was minute and the fractional anisotropy value
of molecular diffusion of the nerve roots could not
be precisely measured; the shift point position iden-
tity of the DTT values was relatively poor.

e Our study may be one of the first studies to assess
value of the unilateral lumbar disc prolapse in
Egyptian patients; we found that DTT with fiber
tracking is a non-invasive way to effectively trace the
nerve fiber bundle and quantitatively evaluate the
nerve injury and provide clinically relevant informa-
tion and describe abnormalities beyond the reso-
lution of conventional MR techniques and can be
used for accurate diagnosis.
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