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Microstructural changes are
coincident with the improvement
~of clinical symptoms in surgically
e treated compressed nerve roots
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Diffusion tensor imaging (DTI) has been widely used to visualize peripheral nerves, but the
microstructure of compressed nerve roots can be assessed using DTI. However, there are no data
regarding the association among microstructural changes evaluated using DTI, the symptoms assessed
using the Oswestry Disability Index (ODI) and the duration of symptoms after surgery in patients with

. lumbar disc herniation (LDH). Thirty patients with unilateral radiculopathy were investigated using DTI.

. The changes in the mean fractional anisotropy (FA) and the apparent diffusion coefficient (ADC) values

. aswell as the correlation between these changes and the severity and duration of the clinical symptoms

: were investigated before and at least one month after surgery. The FA values were significantly

© increased after surgical treatment (p < 0.0001). Both the ADC and ODI values were noticeably
decreased (p < 0.0001). A strong positive correlation between the preoperative and postoperative DTI
parameters (p < 0.0001) as well as between the preoperative ODI and postoperative ODI/ODI changes
(p < 0.0001) were found. In addition, there was a significant positive correlation between the changes
in the DTl parameters and changes in the ODI (p < 0.0001). This preliminary study suggests it may be
possible to use DTI to diagnose, quantitatively evaluate and follow-up patients with LDH.

 Lumbar disc herniation (LDH) entrapping a nerve root, which leads to lower back and leg pain, is common.
. Magnetic resonance imaging (MRI), which is often used to diagnose disc herniation, offers considerable informa-
tion about the location and size of the disc herniation and as well as its mass effect on the nerve roots!~3. However,
inconsistencies between the symptoms and the degree of nerve root compression seen on conventional MRI are
continually observed. In addition, some studies reported symptom-free people with nerve root compression*.
Therefore, it is difficult to use MRI to understand the cause of the pain and numbness. Moreover, MRI cannot
. provide a quantitative assessment of nerve root damage.
: Diffuen widely used in the clinicsion-weighted imaging (DWI) can provide valuable information about
. the microstructure of the tissues by capturing the diffusion of water molecules in the restricted intracellular or
. extracellular fluids in the tissues. DWT has be to diagnose central nervous system diseases, such as acute brain
. stroke®. DWT is also used to evaluate peripheral nerve compression disorders, including nerve root compression
. by LDH®’. The apparent diffusion coefficient (ADC) values from DWI can be used to determine the quantitative
. diffusion, and the ADC is useful as a differential diagnostic index for a variety of disorders.
However, DWI is influenced not only by the ease of diffusion of water molecules but also by the direction
. of the diffusion. This is because the axonal cell membrane and the myelin sheath surrounding the nerve fibres
© prevent diffusion in the direction perpendicular to their fascicles, resulting in isotropy of the diffusion of water
. molecules being lost®°. This phenomenon is known as diffusion anisotropy, and selectively recording this infor-
: mation is referred to as diffusion tensor imaging (DTI). DTI is the only method that can give an indirect view
of the microstructure of nervous tissue in addition to the pathway of the fibres!®-"°. The diffusion data can help
determine the quantitative diffusion values, such as the ADC and fractional anisotropy (FA) values that reflect
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the directionality of the molecular diffusion. FA values range from zero to one, with high FA values indicating
anisotropic diffusion and low FA values indicate increased isotropic diffusion. DTI may be used for the evaluation
and visualization of peripheral nerves as well as the measurement of axonal regeneration. A decrease in the mean
FA values occurs in injured nerves undergoing demyelination.

DTT has been widely used in the clinic to evaluate lumbar nerve roots. Significant changes in the diffusion
parameters of compressed lumbar nerve roots have been reported for patients suffering from disc hernia-
tion”1%1L1%15 However, few studies reported an association between the DTI parameters and clinical symptoms,
and there is only one study that reported DTI changes in compressed nerve roots after removing the herniated
lumbar disc'>. We previously reported that the mean FA value of the compressed lumbar nerve roots was sig-
nificantly lower than the FA of the contralateral nerve roots and that a significant negative association existed
between the FA values and both the Oswestry Disability Index (ODI) and symptom duration in compressed nerve
roots!*!°. Eguchi et al."? found that among 13 patients (three patients with nerve root compression at L2, L3 or
S1; five patients at L4 and five patients at L5), the FA values significantly increased after surgical treatment, and
the ADC values decreased but not significantly. Strong correlations between the DTI parameters and the severity
of the neurological symptoms were also found. However, the DTI parameters at different locations of the nerve
root can be variable. To the best of our knowledge, no previous study has assessed the association between the FA
and ADC values and severity and duration of neurological symptoms after surgery in the unilateral nerve root.
Consequently, the aim of this study was to evaluate changes in the FA and ADC values after surgery and to inves-
tigate the correlation between these changes and the severity and duration of neurological symptoms in patients
with unilateral radiculopathic pain caused by LDH.

Subjects and Methods

Patients. The study includes 30 patients (eighteen men and twelve women, median age of 40.4 years (21 to
58)) who were treated by micro endoscopic discectomy for unilateral radiculopathy and lumbar disc herniation
between May 2015 and May 2016. All patients underwent DTI scanning before and at least 1 month later after
surgery. This study was approved by the review board of the Three Gorges University. All study methods were
conducted in accordance with the Three Gorges University guidelines and regulations. In addition, all experimen-
tal protocols were approved by the Three Gorges University committee. All subjects signed an informed consent
form to allow their clinical data to be used for research. The diagnosis of the patients was based on neurological
symptoms, plain radiographs, Computed Tomography (CT) images and MRI. The location of the symptomatic
nerves in all the patients was at unilateral sacrall (S1) nerve root. The exclusion criteria were the following: bilat-
eral symptoms and lumbar canal stenosis, previous surgery to the lumbar spine and presents of another spine-re-
lated disease. Clinical symptoms were evaluated using an ODI questionnaire for each patient before and at least
one month later after surgery, and the duration of the clinical symptoms was based on the earliest incidence of leg
pain and numbness. Changes in the FA, ADC and ODI were calculated using the following formula: postopera-
tive FA/ADC/ODI — preoperative score FA/ADC/ODI.

MRI protocol. A 1.5-T MRI scanner (GE Healthcare, Chalfont St. Giles, United Kingdom) was used in this
study. A standard MRI protocol was performed, which included both T1-weighted turbo spin echo (TSE) (repeti-
tion time (TR), 660 ms; echo time (TE), 9.5 ms; number of averages (NEX), 1; field of view (FOV), 380 x 380 mm;
matrix, 128 x 128; slice count, 12; slice thickness, 5 mm; slice gap, 0.4 mm; acquisition time, 2 min 53 s) and
T2-weighted TSE (TR, 2960 ms; TE, 70 ms; NEX, 2; FOV, 380 x 380 mm; matrix, 512 x 512; slice count, 12; slice
thickness, 4 mm; slice gap, 0.4 mm; acquisition time, 3 min 21 s) sequences that imaged 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; acquisition time, 3 min 40s) sequence performed in the axial
plane that explored the last two mobile levels of the lumbar spine.

A single-shot echo-planar spin-echo DTI sequence was performed in the axial plane from the L4-S2 interbody
spaces with the following parameters (Fig. 1): TR, 8400 ms; TE, 89.1 ms; FOV, 240 x 240 mm; matrix, 128 x 128;
NEX, 4; slice count, 23; slice thickness, 3 mmy; slice gap, 0; b value, 900 s/mm? motion probing gradients applied
in 15 directions; acquisition time, 9 min 01 s. The range of the DT scanning in this study was from the lower half
of lumbar vertebral 4 to sacral 2, which covered the entire S1 nerve root.

Image analysis.  All MRI scans were reviewed and agreed upon by two radiologists blinded to the clinical
data. All DTT analyses were performed by one radiologist and one trained spinal surgeon. The image analy-
sis was independently performed for each participant immediately after acquisition for qualitative assessment
and data extraction. The diffusion data sets were corrected for motion-induced artefacts using the Automated
Image Registration package. This software and the image registration algorithms within it are widely used in
the DTI community to register and estimate DTI indices for spinal cord imaging. Motion correction of the
diffusion-weighted images was performed using the rigid scaled-least-squares method. The effects of cerebro-
spinal fluid contamination were low because the slice thickness was 3 mm smaller than the size of the S1 dorsal
root ganglion, which were 5mm in width and 10 mm in length. To avoid the muscle fibre bundle, water in hollow
organs and other signal interference, the lower limit of the FA threshold value was set to 0.1, and the upper limit
was set to 0.5. Since the b value ranges from 0 to 1000 s/mm?, neurography could avoid images with obvious
artefacts with a b value (900 s/mm?) when a DTI scan was performed, which is based on previous studies. After
motion correction of the diffusion-weighted images, gradient directions for these images were rotated based on
the registration. Eigenvectors and eigenvalues of the diffusion tensor matrix from the axial images were then com-
puted on a voxel-by-voxel basis. Anatomical axial T2 and DTI images were merged. Anatomical fusion between
the axial T2 sequence and the DTI reconstructions was performed to allow better visualization of the different
anatomic spaces. Measurements were focused on the site of the compression before and after surgery (Fig. 1). The
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Figure 1. FA and ADC measurements before and after surgery in patients with unilateral S1 disc
herniation. The S1 nerve root was compressed on the left side. Bilateral nerve roots were assessed by DTI before
(A/B) and after surgery (C). (D) shows the FA value before surgery (left side: 0.176, right side: 0.265); (E) shows
the FA value after surgery (left side: 0.239, right side: 0.268); (F) shows the ADC value (107> mm?/s) before
surgery (left side: 1.353, right side: 1.113); (G) shows the ADC value (10> mm?/s) after surgery (left side: 1.226,
right side: 1.122). S, sacral. ROIs are indicated with circles in D/E/F/G.

Figure 2. Diagram showing that the regions of interest (ROIs) were designated at three levels at 3-mm intervals
proximal to the site of nerve compression due to disc herniation on the axial image.

relative location of the region of interest (ROI) before surgery was marked relative to the vertebral body and pedi-
cle on both the compressed and contralateral sides of each patient. The postoperative ROI was identified relative
to the preoperative marked sites (Fig. 2). The ROI was circular with a diameter of 3 voxels; the average volume
of the ROI was equal at the compressed nerve roots before and after surgery. The ROIs were set at 3 levels of the
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Figure 3. FA/ADC/ODI values of the compressed nerve roots before and after surgery in patients with
unilateral S1 disc herniation.

compressed nerve root as shown in Fig. 2. The size of ROIs, ranging from 20 to 45 mm?, was selected to accurately
include the respective nerve roots while limiting the presence of other tissues to avoid partial volume effects when
calculating the mean FA and ADC. The diffusion tensor fields were diagonalized to obtain eigenvalues and eigenvec-
tors for each voxel. The eigenvector associated with the largest eigenvalue was used to represent the main direction.

Statistical analysis. Statistical analysis was conducted using a standard SPSS 16.0 (SPSS Institute, Chicago,
IL) software package. All values are presented as the mean and standard deviation (SD). A paired samples t-test
was performed to compare the compressed side before and after surgery. Pearson correlation coefficients were
calculated to determine the correlation between the DTI parameters and intensity and duration of the symptoms.
A threshold of p < 0.05 was considered statistically significant.

Ethics approval and consent to participate. The approval of the Three Gorges University review boards
was obtained before conducting the present study. All subjects signed informed consent form, allowing their
clinical data to be used for research.

Results
The mean duration of the clinical symptoms was 1.93 months. The preoperative and postoperative FA values
were 0.154 and 0.267, respectively. The FA values were increased significantly at 1 month after surgical treatment
(p<0.0001) (Fig. 3A). The preoperative and postoperative ADC values (10> mm?/s) were 1.32 and 1.07, respec-
tively. The preoperative and postoperative ODI values (expressed as a decimal) were 0.608 and 0.177, respectively. Both
the ADC and ODI values were noticeably decreased at 1 month after surgical treatment (p < 0.0001) (Fig. 3B and C).
All the correlations are summarized in Table 1. The analysis showed no significant correlation between ODI
and duration (r=0.063, p=0.741). There was a strong positive correlation between the preoperative and post-
operative DTI parameters (FA: r =0.407, p=0.025; ADC: r=0.904, p < 0.0001) (Fig. 4A and B). There was a
strong negative correlation between the preoperative DTI parameters and changes in the ODI (FA: r = —0.643,
p <0.0001; ADC: r=—0.574, p=0.001) (Fig. 5A and B). There was a strong positive correlation between the
preoperative ODI and both the postoperative ODI (r = 0.430, p=0.018) and ODI changes (r =0.731, p < 0.0001)
(Fig. 6A and B). There was no significant correlation between the preoperative DTI parameters and the postoper-
ative ODI (FA: r=—0.200, p=0.292; ADC: r=0.241, p=0.199) (Fig. 7A and B). There was a strong negative cor-
relation between the preoperative DTI parameters and changes in the DTI parameters (FA: r=—0.567, p=0.001;
ADC: r=—0.514, p=0.004) (Fig. 8A and B). There was a strong positive correlation between the changes in the
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FA-Pre —0.200 —0.643 0.407 —0.567
FA-Post 0.297

FA-changes 0.868 0.522

ADC-Pre 0.241 —0.574 0.904 —0.514

ADC-Post —0.723

ADC-changes 0.704 —0.832

ODI-Pre 0.430 0.731 —0.527 —0.154

ODI—Post —0.219 —0.698

Duration —0.651 0.788 —0.837 0.061 —0.616

Table 1. The correlations between DTI parameters and ODI and duration. FA: fractional anisotropy; ADC:
apparent diffusion coefficient; Pre: pre-operation; Post: post-operation; ODI: Oswestry Disability Index.
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Figure 4. There was a significant positive correlation between the preoperative FA/ADC values and
postoperative FA/ADC values (P < 0.05 and P < 0.000, respectively).
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Figure 5. There was a strong negative correlation between the preoperative FA/ADC values and ODI
changes (P < 0.000 and P < 0.000, respectively).

DTI parameters and ODI changes (FA: r=0.868, p < 0.0001; ADC: r=0.704, p < 0.0001) (Fig. 9A and B). There
was a strong negative correlation between symptom duration and both changes in the DTT parameters (FA: r=—0.616,
p<0.0001; ADC: r=—0.837, p < 0.0001) (Fig. 10A and C) and ODI changes (r=—0.651, p <0.0001) (Fig. 10B). The
lumbar nerves from a 41-year-old man with disc herniation at L5/S1 before and after surgery is shown in Fig. 1.
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Figure 6. There was a significant positive correlation between the preoperative ODI values and both ODI
changes and the postoperative ODI values (P < 0.000 and P < 0.05, respectively).
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Figure 7. There was no correlation between the postoperative ODI values and the preoperative DTI
parameters (P > 0.05).
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Figure 8. There was a strong negative correlation between the preoperative DTI parameters and changes in
the DTI parameters after surgery (P < 0.000 and P < 0.000, respectively).

Discussion
Mechanical compression and chemical insult can induce various histological changes in the lumbar nerve roots,

including the acceleration of vascular permeability with a disrupted nerve root barrier and the development of
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Figure 9. There was a significant positive correlation between changes in the DTI parameters and ODI
changes after surgery (P < 0.000 and P < 0.000, respectively).
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Figure 10. There was a strong negative correlation between symptom duration and changes in both the

DTI parameters and ODI after surgery (P < 0.000, P < 0.000, and P < 0.000, respectively).

subperineurial or intraneural edema in the nerves. These microstructural changes alter water diffusion along the
nerve by increasing the distance between the axons and axon fascicles. If the compression is not relieved quickly,
the nerve root will sustain hypoxia- ischaemia injury; this causes symptoms such as back pain and leg numbness,
which can influence daily activities. Although LDH nerve root compression in patients is well visualized using
MR, its correlation with clinical symptoms is still controversial. As the DTI technique has evolved, the movement
of water molecules can be accurately measured using DTI parameters such as the FA and ADC values. These values
have been found to be capable of analysing the nerve root condition in greater detail than conventional MRI'0-1214,
For patients with LDH who do not achieve good recovery with conservative treatment, surgical interventions,
which include micro endoscopic discectomy, discectomy with insertion of pedicle screws, and percutaneous
transforaminal endoscopic discectomy, should be considered!®!”!8. However, the microstructural improvement
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of compressed nerve roots is critical to ensure surgical success. Although the DTI technique is widely used in
peripheral nerves such as nerve roots in the lumbar region, those assessments focused on normal or preoperative
individuals, and there were only two studies regarding the changes in the microstructure of compressed nerve
roots after surgery in patients with LDH, including our previous study'>'®. In clinical practice, re-examining the
quality of DTT after surgery is often diminished by the metal instrument fixating on the vertebral pedicles and
surrounding tissue edema. Therefore, the present study implemented a surgical procedure using percutaneous
transforaminal endoscopic discectomy, and the second DTT scan was performed at least one month after surgery.
The present study also reported both the FA value and ADC value, which showed significant differences at the
compressed side before and after surgery, and those values were consistent with those of normal nerve roots
as shown in our previous findings. There may be many aspects to the mechanism of DTI recovery. After surgi-
cal removal of the herniated disc as well as reduction of subperineurial and intraneural edema, blood flow and
ischaemia of the compressed nerve roots were gradually improved. Microstructural changes before surgery such
as demyelination of the nerve fibres, Wallerian degeneration, and endoneurial fibrosis could be partially or mostly
recovered. Therefore, water diffusion along the nerve is either normal or near normal.

Although a close relationship between clinical symptoms and the DTI parameters in patients with LDH has
been strongly suggested, whether DTT can be used to predict functional recovery after surgery has not been deter-
mined'>!*1°. Eguchi reported strong correlations between the DTI parameters and the severity of the neurological
symptoms before surgery, and a strong correlation between the ADC value and leg numbness after operation was
also found. In that study, only 13 patients were included, and the compressed nerve roots were located at different
segments'?. Gao et al.'” reported that the FA values were positively correlated with clinical symptoms in patients
with myelopathy due to cervical spondylosis, which was consistent with our findings. Jones et al. reported that the
preoperative FA at the level of stenosis correlated with improvement of clinical symptoms after surgery'®. Wen
et al. also reported that FA correlated with improvement of the modified Japanese Orthopaedic Association
score?. In the present study, a strong positive correlation between the preoperative DTI parameters and the post-
operative DTT was found, which indicates that microstructural recovery of a compressed nerve root after surgery
depends on preoperative parameters. Our result also showed a strong positive correlation between the preopera-
tive ODI and both postoperative ODI and ODI changes, which suggests that the preoperative clinical symptoms
have an important influence on the postoperative values. Moreover, the present study found a strong positive cor-
relation between changes in the DTI parameters and ODI changes, indicating that the microstructural changes of
the compressed nerve root were consistent with symptoms in LDH patients after surgery. Therefore, DTI may be a
promising modality to predict functional recovery after surgery. The present results also showed a strong negative
correlation between the preoperative DTI parameters and ODI changes. This means that if the ADC values were
high, the patients were more likely to have reduced improvement after surgery, and if the FA values were low,
the patients had a better outcome. According to our previous results, the preoperative FA values were positively
associated with the preoperative ODI, and the FA/ADC values of the compressed nerve roots after surgery were
not significantly different from those of normal nerve roots, which indicated that the lower the preoperative FA,
the more severe the patients’ condition. Therefore, a negative correlation between the preoperative FA values and
ODI changes was not observed. However, some studies (including our previous study) indicated that ADC was
not a an accurate parameter to assess nerve injury. We will investigate whether there exists a correlation between
the preoperative ADC values and ODI changes in future studies.

There is no consensus regarding the timing of elective surgery for the treatment of LDH. Previous observa-
tional studies have identified worse outcomes in patients with a longer duration of symptoms prior to treatment
and have recommended earlier surgical intervention?-?*. Jansson et al. showed that in LDH patients who under-
went surgery, symptom duration longer than six months was a risk factor for a worse health-related quality of
life**. Ng et al. found that patients with symptoms for more than twelve months had obviously worse outcomes
than patients with symptoms for less than twelve months prior to operative treatment®. In addition, Peul et al.?®
indicated that early surgery offered significant benefits during the follow-up period over nonoperative treatment.
Pitsika showed significant improvement in patients with symptoms beyond 1 as well as 2 years since disease onset
after viable surgery®. The present results showed that the longer duration, the lower FA and ADC improvement,
which indicated that symptom duration was an important factor to predict the microstructural recovery of the
nerve root after surgery. Additionally, our study found a strong negative correlation between symptom duration
and ODI changes, which showed that the duration could effectively predict clinical recovery.

There are several limitations to this study. First, the number of patients was small, and further prospective
analyses with a larger patient cohort are required to confirm its reproducibility. Second, the two-month follow-up
was short. Third, there was no control group. However, the postsurgical DT values in this study were as same as
those in our previously study in which DTI was used to assess normal nerve roots in patients with LDH. Fourth,
the same ROIs that were manually designated before and after surgery may affect the DTI values.

In conclusion, we found that the FA values were significantly decreased in the symptomatic nerves but subse-
quently increased two months after surgery, which correlated well with the ODI scores and symptom duration.
The ADC values were significantly decreased in symptomatic nerves after surgery and were also correlated with
the ODI scores and symptom duration. DTT parameters such as FA can predict the improvement of clinical symp-
toms after surgery, thus making these values a potential tool for the functional diagnosis of lumbar nerve damage.
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