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Abstract

Purpose: To measure the fractional anisotropy (FA) and the mean diffusivity (MD) values of L4,
L5 and S1 nerve roots using diffusion tensor imaging (DTI) and to correlate them with four
different clinical patterns.

Patients and methods: Fifty-six human participants were prospectively included and divided
between four groups: healthy subjects, patients with clinical symptomatic nerve root pain with
and without anatomical discoradicular conflict and patients with incidental anatomical disco-
radicular conflict seen on magnetic resonance imaging (MRI). MRI protocol included anatomical
sequences (sagittal T1- and T2-weighted, axial T2-weighted) and a 25 directions DTI sequence.
FA and MD values were measured in consensus by two readers and compared between the four
groups.

Results: Mean FA and MD values were significantly different for patients with clinically symp-
tomatic nerve root pain (n=27) both with (n=16) (FA=0.187 +0.015; MD = 510 4 40) and without
(n=11) (FA=0.193+£0.011; MD=490+30.5) anatomical discoradicular conflict compared
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to healthy subjects (n=29) (FA=0.221+0.011; MD=460.9 + 35.5) including 2 subjects with
incidental anatomical discoradicular conflict (FA=0.2114-0.013; MD=450.8 -41.2) on MRI

(P=0.003).

Conclusion: Measurement of FA and MD values of L4, L5 and S1 nerve roots using DTI could be
useful in lumbar nerve root pain assessment. Further studies with different image processing

methods are needed.

© 2013 Editions francaises de radiologie. Published by Elsevier Masson SAS. All rights reserved.

Abbreviations

DTI Diffusion tensor imaging
FA Fractional anisotropy
MD Mean diffusivity

VAS Visual analogic scale
Introduction

Degenerative discal herniation in the mobile lumbar spine is
a common pathology, mostly explored by MRI. However, dis-
cordance between clinical nerve root pain and lumbar spine
MRI findings is not rare and may be an issue for diagnostic
and therapeutic management [1].

Diffusion tensor imaging (DTl) has been widely used
in brain imaging for tracking of white matter tracts and
the evaluation of brain connectivity [2—5]. This technique
explores the anisotropic microscopic Brownian motions of
water molecules along the preferential orientation of ner-
vous fibres. In each voxel, the diagonalization of the
diffusion tensor allows the calculation of eigen values, which
are used to characterize the anisotropy and diffusivity, as
reflected by two parametric values: fractional anisotropy
(FA) and mean diffusivity (MD), respectively. The degree of
anisotropy and the average diffusion lead to the determi-
nation of the main diffusion direction, which reflects the
orientation of the tissular components, e.g. white matter
tracts or nerve roots [3]. This technique has also shown
interest in carpal tunnel syndrome and acute transverse
myelitis assessment [6—8].

Few preliminary studies reported fibre tracking of the
lumbar nerve roots using DTI. Studies measuring FAand MD in
healthy subjects at different intersomatic space levels of the
mobile lumbar spine and different segments of L4, L5 and
S1 nerve roots seems to allow the determination of reliable
and reproducible normal values [7,9]. However, according to
MRI field, acquisition parameters and software, using these
values data can be variable [10].

Significant changes in compressed lumbar nerve roots dif-
fusion parameters have been reported for patients suffering
from disc herniation or lumbar foraminal stenosis [7,9].

Thereby, the modification of diffusion parameters of
lumbar nerve roots according to clinical symptoms or MRI
findings may be considered as a potential diagnostic tool
to treat precisely pathologic nerve root pathway, based on
parametric rather than anatomical information in case of
clinical and imagery unconformity.

To our knowledge, no previous study has assessed
the relation between FA and MD values of lumbar nerve
roots, anatomical discoradicular conflict seen on MRI and

symptoms of nerve root pain. Consequently, the aim of this
study was to measure FA and MD values of L4, L5 and S1 nerve
roots using DTI and to correlate them with different clini-
cal patterns: clinically healthy subjects, including patients
with anatomical incidental discoradicular conflict seen on
MRI, and patients with clinical symptomatic nerve root pain
with or without anatomical discoradicular conflict.

Materials and methods
Patients

We conducted a monocentric prospective study on a cohort
counting 56 human participants (38 men and 18 women)
consecutively included from April 2011 to January 2012.
Informed consent was obtained from each participant before
inclusion. Twenty-seven (19 men and 8 women) were
patients presenting with a L4, L5 or S1 nerve root pain con-
firmed by clinical examination and DN4 score >4 [11]. Those
were then classified in two groups according to the anatom-
ical MRI results: (1) no anatomical discoradicular conflict
concordant with the nerve root pain; and (2) anatomical
discoradicular conflict concordant with clinical symptoms.
Twenty-nine healthy subjects (18 men and 11 women) with-
out prior history of low back pain or nerve root pain and
with DN4 score <4 [11] were also included. Those were also
classified in two groups according to anatomical MRI results:
(1) no anatomical discoradicular conflict; and (2) clinically
asymptomatic incidental discoradicular conflict seen on MR
images. Anatomical discoradicular conflict was defined as
mass effect due to disc herniation with deviation or non-
visualization of a compressed nerve root segment. Mean
age was 63years (range, 43—86). Pain was also evaluated
using a visual analogic scale (VAS) for each study participant.
Exclusion criteria for both groups were a previous history of
spinal trauma, surgery, or neurological disease and classical
contraindication to MRI (pregnhancy, metallic implants, and
claustrophobia).

MRI

MRI scans were performed on a single 1.5T GE system (GE
Healthcare, Chalfont St. Giles, United Kingdom) the day of
the inclusion. We used a six elements phased array spine
coil. Images were acquired in supine position. A standard
MRI protocol was performed, which included T1-weighted
TSE (TR, 660ms; TE, 9.5ms; number of averages (NEX), 1;
field of view (FOV), 380 x 380 mm; matrix, 512 x 512; slice
count, 12; slice thickness, 4 mm; slice gap, 0.4 mm; acquisi-
tion time 2min 53s) and T2-weighted TSE (TR, 2960 ms; TE,
70 ms; NEX, 2; 380 x 380 mm; matrix, 512 x 512; slice count,
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12; slice thickness, 4mm; slice gap, 0.4mm; acquisition
time, 3min21s) sequences both imaging the lumbar spine
in the sagittal plane and a T2-weighted TSE (TR, 5680 ms;
TE, 123 ms; FOV, 200 x 200 mm; matrix, 512 x 512; NEX, 2;
slice count, 30; slice thickness, 3 mm; slice gap, 0; acqui-
sition time, 3min40s) acquisition performed in the axial
plane and exploring the last two mobile levels of the lumbar
spine.

In addition to these previous sequences, single-shot echo-
planar spin-echo DTl sequence was performed in axial plane
from L4—L5 to L5—S1 intersomatic spaces with the use of
the following parameters: TR, 8400 ms; TE, 85.1ms; FOV,
200 x 200 mm; matrix, 256 x 256; NEX, 4; slice count, 30;
slice thickness, 3mm; slice gap, 0; b value, 900s/mm?;
motion probing gradients applied in 25 non-collinear direc-
tions; acquisition time, 9 min12s.

Data analysis

All MRI scans were reviewed in consensus by two radiolo-
gists blinded to clinical data (JL and BD), both with a good
experience in spine imaging. Image analysis was indepen-
dently performed for each participant, immediately after
the acquisition for qualitative assessment and secondly for
data extraction. Mean delay between image acquisition and
data extraction was 24 days (range: 13—35days).

A neurography was obtained using the diffusion volume
(b value, 900 s/mm?), which was visualized as maximum
intensity projection, in order not to include obviously arti-
facted images. First, image processing was performed using
MedINRIA® (Sofia Antipolis, France).

Anatomical axial T2 and DTl images were merged. The
following parameters were defined for automatic fibre
tracking across the whole study DTl volume: FA threshold
1 and 2, 0.1; minimum fibre length, 10 mm; smoothness,
20. No ROI was used to initiate the fibre tracking. Once
reconstructed, L4, L5 and S1 fibre bundles were manually
segmented on each side for all participants. We considered
as being significant at least five fibres for each nerve root.
Anatomical fusion between the axial T2 sequence and the
DTI reconstructions was performed to allow better visu-
alization of the different anatomic spaces. FA color maps
were displayed using the classic three-directional color
code: blue for fibres running in the cephalocaudal direction,
green for those running in the anteroposterior direction and
red for those running right to left [9]. Matching between
the encoded color maps and the T2-weighted images was
also manually verified (Fig. 1). Global FA and MD values
were obtained for each nerve root fibre bundle. Processing
with FiberViewer® (http://www.ia.unc.edu/dev) software
allowed automatic segmental FA and MD measurement along
each fibre bundle at the root emergence, in the lateral
recess, in the foramen and in the extra foraminal portion,
except for L4 nerve root whose emergence was not in the
exploration volume.

FA and MD values were obtained at the level of the
discoradicular conflict for clinically symptomatic and inci-
dental asymptomatic patients with positive anatomical MRI.
In case of clinically symptomatic nerve root pain without
anatomical discoradicular conflict on MRI, the measures
were performed along the path of the clinically symptomatic
nerve root and averaged. For these two groups, FA and

Figure 1. A 55-year-old control male; image fusion of diffusion
tensor tractography and T2-weighted acquisition; a: unprocessed
tractography across the entire acquisition volume showing the lom-
bosacral roots as polylines within the cropping box; b: processed
tractography showing individualized radicular fiber bundles as poly-
tubes (color code: red, right S1; green, left S1; blue, right L5; cyan;
left L5).

MD values of normal asymptomatic contralateral nerve root
were also collected. For healthy subjects without disco-
radicular conflict, FA and MD values were measured on both
sides for L4, L5 and S1 nerve roots and averaged (Fig. 2).

FA and MD values were statistically compared between
each group.

Statistical analysis

We described FA and MD data as mean, median, mini-
mal and maximal values and standard deviation for each
patient. Association between diffusion parameters, clinical
data and measurement topography was assessed using non-
parametric tests as Wilcoxon tests. Data were analyzed using
MedCalc® v11.0 software. Statistical testing was done at the
two-tailed alpha level of 0.05.

Results
Clinical conflict levels for the 27 patients with clinical nerve

root pain were: right L4 (n=2), left L4 (n=1), right L5
(n=10), left L5 (n=6), right S1 (n=5) and left S1 (n=3) roots.
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Figure 2.

Same control subject as in Fig. 1; left S1 root fiber bundle processed by FiberViewer® software; a: fiber bundle as shown within

the cropping box with crossing analysis plane; FA and MD are respectively, the fraction of anisotropy and the mean diffusivity graphs along
this fiber bundle with red squares marking the level of the crossing analysis plane.

Among those patients, no anatomical discoradicular con-
flict concordant with clinical nerve root pain was found in
11 patients, whereas concordant anatomical discoradicular
conflict was present in 16 patients on MRI images.

Among the 29 healthy subjects without clinically symp-
tomatic nerve root pain, 27 did not have anatomical
discoradicular conflict whereas two subjects had an inciden-
tal discoradicular conflict found on MRI.

Anatomical conflict levels were right L4 (n=1), left L4
(n=1), right L5 (n=6), left L5 (n=2), right S1 (n=4) and left
S1 (n=2) roots in symptomatic patients and right L5 (n=2)
root in healthy subjects. Anatomical symptomatic conflict
root segments were in root emergence (n=7), in the lateral
recess (n=4), in the foramen (n=4) and in the extra forami-
nal portion (n=1) for symptomatic patients and in the lateral
recess (n=2) for healthy subjects.

The DTI sequence was interpretable in all cases, with
a satisfying L4, L5 and S1 nerve root detection. Fusion
between DTI and axial T2-weighted images allowed a good
anatomical correlation in all cases. The whole radicular path
from its rise to its extraforaminal segment was taken into
account by MedINRIA® and FiberViewer® in 38/56 (71.4%)
participants totalizing 228 nerve roots. In 18/56 partici-
pants (22.6%), representing 76 nerve roots, radicular fibre
tracking was discontinuous, the largest bundle gap mea-
suring 5mm. This finding was due to disc herniation in
five patients, representing five nerve roots (Fig. 3). In 13
other subjects, representing 71 nerve roots, this finding
was isolated without a corresponding anatomical discoradic-
ular conflict. In those cases, FA and MD measures were
performed in either end of the interrupted nerve root
tract.

Compression of the lumbar nerve root was visual-
ized on both T2-weighted images and DTI fibre tracking
reconstructions in all patients showing discoradicular con-
flict.

FA and MD values of healthy subjects, including patients
with incidental discoradicular conflict, and those of symp-
tomatic clinical nerve root pain with and without anatomical
discoradicular conflict are reported in Table 1.

There is only one overlap of FA (L5), two overlaps in MD
(L5, S1) between healthy subjects without and with anatom-
ical disco-radicular conflict; and four overlap of FA (2 L5, 2
S1), five overlap (2 L5, 3 S1) in MD between patients with
clinical nerve root pain without and with anatomical disco-
radicular conflict.

The mean values of FA and MD in the 27/56 healthy
subjects without discoradicular conflict were not sig-
nificantly different according to age (P=0.09), gender
(P=0.08), intersomatic level (P=0.06) and nerve root seg-
ment (P=0.08). Mean FA and MD values were significantly
different for patients with clinically symptomatic nerve
root pain (n=27) both with (n=16) and without (n=11)
anatomical discoradicular conflict compared to healthy sub-
jects (n=29) including those two subjects with incidental
anatomical discoradicular conflict seen on MRI (P=0.003).
Conversely, no significant difference was found for FA and
MD values in patients with clinically symptomatic nerve
root pain with or without anatomical discoradicular con-
flict (P=0.06), neither for clinically healthy subjects with
or without incidental anatomical discoradicular conflict
(P=0.06).

Last, the mean values of FA and MD in 27 patients with
nerve root pain were not significantly different according to
VAS (P=0.07).

Discussion

DTI fibre tracking sequences have already demonstrated
their feasibility for peripheral nerves (median and ulnar
nerves notably, and more recently in lumbar nerve roots)
[6—8].
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Figure 3.

A 50-year-old male with medical history of discoradicular conflict; image fusion of diffusion tensor tractography and T2-weighted

acquisition seen from below; a: processed tractography showing individualized roots as polytubes, fiber tracking interruption (asterisks) of
left L5 and S1 roots at the level of a L4—L5 discal hernia lateralized in the left lateral recess of the spinal canal (color code: red, right
S1; green, left S1; blue, right L5; cyan; left L5); b: left L5 root fiber bundle analysis processed in FiberViewer® software; FA and MD are
respectively the fraction of anisotropy and the mean diffusivity graphs along this fiber bundle and show FA drop at the compression level

and MD decrease along the bundle.

Normal FA and MD values have been determined in
healthy subjects and seemed independent of age, gender,
intersomatic space level, side and segment of the nerve root
[9]1.

In case of clinical and MRI discoradicular conflict, FA and
MD have been reported to be significantly lower for FA and
increased for MD compared to healthy subjects with normal
MRI [9].

However, to our knowledge, no previous study has
focused on relation between diffusion parameters values,
clinical symptoms of nerve root pain attested by a neuro-
pathic pain scale (e.g. DN4 scale), visual analogic pain scale
and discoradicular conflict seen on MR images.

In our study, we found associated FA decrease and MD
increase in the symptomatic lumbar nerve root, with or
without anatomical discoradicular conflict in opposition to
healthy subjects and patients with incidental anatomical MRI
discoradicular conflict, independently of age, gender and
VAS, despite some overlap in 12 nerve roots between FA and
MD. To our knowledge, this is the first clinical study showing
modifications of diffusion parameters in patients suffering

Table 1

from nerve root pain without anatomical MRI discoradicular
conflict, which has been previously suggested by experi-
mental data [12,13]. Animal studies showed that nerve root
injury might be independent of mechanical compression
[12,13]. Diffusion tensor parametric MRl may provide a bet-
ter concordance with clinical symptoms than anatomical MRI
sequences solely, which can have applications notably in ini-
tial prognosis and in postoperative patients with recurrent
nerve root pain. Moreover FA and MD values in healthy sub-
jectsincluded in our series did not seem different from those
reported in recent literature [9].

Hence, DTI fibre tracking may reflect histological changes
in the nerve root tissue secondary to the compression, inde-
pendently of a patent discoradicular conflict seen on MRI.
It may then be used as an additional diagnostic tool in clin-
ical routine, particularly, in case of discordance between
anatomical MRI and clinical symptoms. Indeed, increase in
the vascular permeability with disruption of the nerve root
barrier, intraneural edema, intra and perineural hyperaemia
have been attributed to chronic compression of the nerve
roots and may explain modifications of water diffusion along

Mean FA and MD values in healthy subjects and patients with clinical nerve root pain.

Study participants 29 healthy subjects

27 patients with clinical nerve root pain

aDRc (n=2) No aDRc (n=27) aDRc (n=16) No aDRc (n=11)
FA 0.211+£0.013 0.221+0.011 0.187+0.015 0.193 +0.011
MD (mm?/s) 450.8 £41.2 460.9 £ 35.5 510+ 40 490+ 30.5
P values 0.003

0.06 0.06
Patient overlap in FA 1 4
Patient overlap in MD 2 5

aDRc: anatomical disco-radicular conflict.




68

B. Dallaudiére et al.

the nerve root [14—17]. Moreover, ischemia, demyelina-
tion and Wallerian degeneration may reduce anisotropy by
increasing the distance between axons fascicles, thus, lead-
ing to a decrease in the FA value, as well as an increase in
that of MD. Thereby, DTl evaluation of lumbar nerve roots
may stand as a new imaging approach with more functional
assessment of the microstructural changes underwent by
compressed nerve roots.

However, our study has several limits. The first one con-
cerns its small population size, requiring confirmation of
these results over larger cohorts. Nevertheless, to our best
knowledge we report the largest series of lumbar nerve
roots assessed by DTI with correlation of MRI data with clin-
ical patterns. Furthermore, MRI scans were performed in
supine position, which can mask dynamic discoradicular con-
flict. In our opinion, it would be of interest to repeat this
evaluation of clinical relevance of diffusion parameters in
discoradicular conflict in stand-up position, should today’s
MR technology permit it.

Conclusion

To conclude, measurement of diffusion parameters by DTI
in lumbar nerve roots may take part in the radiological
management of discoradicular disease. Adjunction of DTI
parametric data to standard evaluation of lumbar nerve
root pain may increase interobserver concordance. Indeed,
FA and MD values seem correlated with clinical nerve root
pain, independently of a visible anatomical discoradicular
conflict on MR images. Our study can discuss the usefulness
of this technique in second intention in case of discrepancy
between the clinical and MRI anatomical data, in particular,
in relation to the EMG, which is often asked by clinicians in
this context.
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