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Abstract

Purpose To evaluate the lumbar nerve root alterations in patients with lumbar disc herniation sciatica using advanced mul-
timodality MRI sequences and the correlations with clinical and neurophysiological findings.

Material and methods We prospectively evaluated 45 patients suffering from unilateral lumbar radiculopathy due to disco
radicular conflict. All patients underwent MRI examinations using a standard MRI protocol and additional advanced MRI
sequences (DWI, DTI, and T2 mapping sequences). Relative metrics of ADC, FA, and T2 relaxation times were recorded
by placing ROIs at the pre-, foraminal, and post-foraminal level, either at the affected side or the contralateral side, used as
control. All patients were also submitted to electromyography testing, recording the spontaneous activity, voluntary activ-
ity, F wave amplitude, latency, and motor evoked potentials (MEP) amplitude and latency, both at the level of the tibialis
anterior and the gastrocnemius. Clinical features (diseases duration, pain, sensitivity, strength, osteotendinous reflexes) were
also recorded.

Results Among clinical features, we found a positive correlation of pain intensity with ADC values of the lumbar nerve
roots. The presence of spontaneous activity was correlated with lower ADC values of the affected lumbar nerve root. F wave
and MEP latency were correlated with decreased FA values at the foraminal level and increased values at the post-foraminal
level. The same neurophysiological measures correlated positively with pre-foraminal T2 mapping values and negatively with
post-foraminal T2 mapping values. Increased T2 mapping values at the foraminal level were correlated with disease duration.
Conclusions Evaluation of lumbar nerve roots using advanced MRI sequences may provide useful clinical information in
patients with lumbar radiculopathy, potentially indicating active inflammation/myelinic damage (DTI, T2 mapping) and
axonal damage/chronicity (DWI).
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Introduction

Low back pain caused by intervertebral disc (IVD) degener-
ation and/or lumbar disc herniation is one of the most preva-
lent musculoskeletal disorders associated with significant
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for evaluating restricted diffusivity in the affected nerve
roots. Specifically, they provide image contrast based on dif-
ferences in the magnitude of diffusion of water molecules
within the affected nerve fibres. Interestingly, Eguchi et al. in
2010 already found a positive link between oedema, demy-
elination, and the increase in the mean ADC values due to
radicular compression [1].

On the contrary, the DTI sequence analyses the three-
dimensional shape of the diffusion and is mainly used to
evaluate the axonal organization. Finally, T2 mapping is
another well-established technique used for the ultrastruc-
tural evaluation of the collagen matrix of the articular car-
tilage, that has been recently proposed to evaluate the water
and macromolecule content of the nerves.

In addition to the MRI, the Electromyography (EMG)
represents another valuable tool for assessing the nerve con-
duction of the affected nerve roots, by recording the electri-
cal activity produced by skeletal muscle.

The purpose of our study was to correlate the data
obtained with the advanced MRI sequences with the main
EMG findings and analyse the main stages of nerve root
damage.

Material and methods
Patients

For this prospective cohort study, we recruited 45 patients
(30 males, 15 females, mean age 59, range 49-70) presenting
with L5-S1 discopathy at previous MRI examinations, who
met the clinical and instrumental inclusion criteria for per-
cutaneous paraganglionic CT-guided O2-03 and received
the clinical indication for EMG evaluation. These patients
underwent a new MRI examination with the advanced
sequences listed below.

Exclusion criteria for both groups included the following:
age> 70 years, multiple level pathology, previous spine sur-
gery, recent percutaneous interventional procedures, spinal
trauma, surgery, or other treatments during the follow-up
period. Written informed consent was obtained from all
patients who participated in this study. All patients were
submitted to clinical and imaging evaluation within 1-7 days
before or after the MRI.

Clinical evaluation

All patients underwent clinical evaluation using the visual
analogue score (VAS) for pain and the Oswestry Disability
Index (ODI) questionnaire for pain and functionality. The
ODI is a self-administered questionnaire that objectively
evaluates the disability derived from the LBP. In particular,
each question assesses the intensity of pain, the ability to lift

and care for oneself, ability to work, sit, stand, travel, and
have sexual intercourse. It also estimates the impact of the
disease on social life and work. Each of the ten questions is
scored from O to 5, giving a maximum score of 50.

In addition, time of onset, the side affected, referred pain,
strength (MRC—Muscle Strength score 0-5), sex, age,
increased or decreased ankle and patellar jerk reflex, and
muscular trophism were also evaluated.

MRI protocol

All MRI examinations were performed using a 3T MRI
scanner (MR 750W, GE Healthcare). The imaging protocol
included an axial FSE T2-weighted sequence (FOV 17 cm,
TR/TE/NE.

X 4000/108/4, matrix 256 X 192, slice thickness 5 mm,
gap 1 mm), sagittal FSE-T2 and sagittal T2 fat-saturated
sequences (FOV 26 cm, TR/TE/NEX 4000/108/4, matrix
256 %192, slice thickness 5 mm, gap 1 mm), and a sagittal
SE-T1sequence (TR/TE/NEX 500/20/2, matrix 256 x 192,
slice thickness 5 mm, gap 1 mm).

e SagT2 (body coil 48, FOV 30).

o Cor T2 ideal (FOV 35 ST:1, S:0.1, Matrix 320X 256
Nex: 2, body coil 48).

e Ax T2 Map (FOV 22, Phase FOV 0.80 ST: 3.0, S: 0.0,
TR: 1600, Matrix:256/192).

e Ax T2 FRFSE (ST:3, S:0, TR:5811, TE:102, NEX: 2,
Matrix: 288 x 224, scan time: 2:14).

e Ax DTI (FOV 22, phase 0.8, TR: 11,084, TE: 96.6,
B-value: 800, ST: 1.5, spacing: 0, n of slices: 39, scan
time: 6:17).

e Ax DWI (FOV 22, phase: 0.8, ST: 3, S: 0, TR: 6900, TE:
70, NEX: 6, B-value: 600, matrix: 128 x 128, scan time:
3:34).

Images were then loaded on a dedicated workstation, in
which the sequences were processed with specific algo-
rithms for statistical analysis.

Mean values of ADC, FA, and T2 mapping were cal-
culated by placing the ROIs of 5 mm at the preforaminal,
intraforaminal, and postforaminal level of the affected root
and the healthy one, as displayed in Fig. 1.

Intramuscular EMG recording

EMG recording was performed by an expert Neurophysiolo-
gist of the San Salvatore Hospital in L’Aquila.
Intramuscular EMG recording electrodes were inserted
into the anterior tibialis muscle (L5, common peroneal
nerve) and the gastrocnemius muscle (S1, internal sciatic
popliteal nerve).
The selected measurements were as follows:
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Fig. 1 Mean values of ADC,
FA, and T2 mapping were
calculated by placing the ROIs
of 5 mm at the preforaminal (a),
intraforaminal (b), and postfo-
raminal (c) level of the affected
root and the healthy one

e Spontaneous activity (index of acute injury; O: absent, 1:
mild, 2: moderate, 3: severe).

e Voluntary activity (I=interference; optimal contrac-
tion, many motor units activated. T = Transition.
SO =single oscillations; absent, mild, moderate, severe;
enthity = extent of injury).

e Large motor units/% Motor Unit Potential—MUP
(SI=index of chronic injury).

Nerve conduction study

On the same nerves, a nerve conduction study was per-
formed by the same neurophysiologists. Some important
findings were acquired such as:

F-Wave: uses supramaximal stimulation of a motor nerve
and recording of action potentials from a muscle supplied
by the nerve. The action potential travels from the site of
the stimulating electrode in the limb to the spinal cord's
ventral horn and back to the limb in the same nerve that
was stimulated. Increased latency time is correlated with
myelinic damage, whereas reduced amplitude is linked to
axonal injury. Both of them are representatives of acute
radicular damage.

M-Wave is an early response that occurs 3—6 ms after the
onset of stimulation, generated by the direct nerve stimulus.
In this case, increased latency correlates with the myelin
damage on the distal nerve of the affected root, whereas
the amplitude is inversely related to the axonal damage.
F-wave/M-wave latency ratio: prolonged F-wave latency
compared to m wave. The study of the M-wave was mainly
conducted to exclude the trinocular damage of the nerves,
and therefore to differentiate peripheral neuropathic pain
from the central one.

Statistical analysis

MRI quantitative and qualitative parameters (ADC pre-,
intra-, postforaminal; FA pre-, intra-, postforaminal; T2
mapping pre-, intra-, postforaminal) of the affected root were
correlated with EMG parameters, considering as markers of
acute radicular damage the F-wave amplitude reduction and
the F-wave latency increase; markers of subacute radicu-
lar damage (14 days, 2 months) the spontaneous activity
(fibrillation); markers of radicular chronic the presence of
single oscillation during voluntary activity, large motor unit

@ Springer

(denervation), M-wave latency increase and M-wave ampli-
tude decrease.

A p value <0.05 was considered significant. Pearson cor-
relation was applied to evaluate the statistical correlation
between the MRI, Clinical, and EMG parameters.

Results
Clinical parameters

Among the 45 patients selected, 30 were male and 15
females, with a mean age of 59 years (min: 49, max: 70).
The mean disease duration was 105 days (min: 60, max:
150), and the mean VAS was 8.5 (min: 7, max: 10). The
interested root was L5 in 35% of cases (16 patients) and
S1in 65% (29 patients), with the left side being affected in
50%. In 91% of cases, EMG confirmed the side affected at
the MRI morphological evaluation, whereas 9% of subjects
showed an opposite side at the EMG evaluation. In these
patients, the ROIs were placed in the nerve root where the
EMG parameters were abnormal.

Mean strength, on a scale from 1 to 5, was 4.4 (min: 4,
max: 5), with 50% of them showing a reduction in the patel-
lar and ankle jerk reflex and 25% (5 patients) reduction in
muscular trophism.

EMG

EMG parameters were evaluated in the anterior tibialis mus-
cle. In particular, spontaneous activity at rest was absent in
all these patients. 75% of them presented with single oscil-
lations during voluntary contraction, whereas 25% presented
with interference; in addition, 50% showed large motor units.
Mean m-wave latency in this group was 5.6 ms (min: 4.8 ms;
max 6.5), while mean m-wave amplitude was 6.4 mV (min:
2.6 mV; max 12.7 mV). Mean F-wave latency was 56.17 ms
(min: 54.4 ms; max 57.9 ms), whereas mean F-wave ampli-
tude was 0.42 mV (min: 0.1 mV; max 0.9 mV). F-wave/m-
wave latency ratio was 10.14 (min: 8.6; max: 12.6).

In patients with S1 root involvement (29 patients), EMG
parameters were also evaluated in the gastrocnemius muscle.
In particular, only one patient presented with spontaneous
activity at rest. 65% of them presented with single oscilla-
tions during voluntary contraction, whereas 35% presented
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with interference; none showed large motor units. Mean
m-wave latency in this group was 5.7 ms (min: 4.5 ms;
max 6.6), while mean m-wave amplitude was 7.6 mV (min:
3.6 mV; max 11.7 mV). Mean F-wave latency was 45.17 ms
(min: 30 ms; max 53.3 ms), whereas mean F-wave amplitude
was 0.23 mV (min: 0.03 mV; max 0.7 mV). F-wave/m-wave
latency ratio was 8.01 (min: 4.76; max: 9.48).

MRI evaluation

From the MRI analysis, be it at the LS and S1level, there
was a significant reduction in the mean ADC value on
the side affected compared to the other side; in par-
ticular preforaminal values were 1.381 +0.316 versus
1.656 +0.604 x 1073 mm?%/s (p value=0.031); intrafo-
raminal 1.266+0.221 versus 1.271 £0.310x 10> mm?/s
(p value =0.238); postforaminal 1.193 +0.330 versus
1.264+0.219 x 1073 mm?/s (p value =0.031).

Similarly, mean FA value was significantly reduced in
the affected root compared to the other side. Preforami-
nal FA values were 0.356+0.06 versus 0.406+0.13 (p
value =0.8); intraforaminal 0.367 +£0.17 versus 0.316 +0.06
(p value=0.238); postforaminal 0.401 £0.11 versus
0.456+0.07 (p value=).

Conversely, mean t2 mapping values were higher in the
affected side compared to the contralateral. Mean T2 map-
ping values were in the preforaminal ROIs 62.2 ms +5.7
versus 61.12 +544 ms (p value =0.07); intraforaminal
ones 66.2 ms +5.4 versus 64.01 +4.58 ms (p value =0.45);
postforaminal 60.6 ms + 11.7 versus 62.03 £2.53 ms (p
value =0.45). The main findings for each MRI sequence are
reported in Table 1.

Morphologic MRI assessment demonstrated kinking
of the affected root in 50% of cases, whereas healthy roots
showed normal appearance and a diameter of the DRG of
about 6 mm in all cases.

MRI and clinical parameters correlation

Disease duration and mean ADC values were inversely cor-
related. On the contrary, pain intensity significantly cor-
related with the mean ADC values. Finally, there were no
significant correlations between FA and T2 mapping values
and clinical parameters as well as between MRI parameters
and strength, muscular tropism, and tendon reflexes. Table 2
synthesizes the main findings.

MRI and EMG parameters correlation

EMG parameters linked with acute damage of the nerve
roots (f-wave amplitude reduction, f-wave latency growth)
significantly correlated with the decrease in the mean ADC
values. In addition, FA values positively increased with the
M-wave amplitude, although this did not reach statistical
significance. There was no correlation between T2 mapping
values and the EMG parameters (Tables 3, 4, 5).

Subacute damage indicators: single oscillations (fibrilla-
tion) during spontaneous activity correlated with the mean
ADC values increase. Similarly, the same appeared with the
mean T2 mapping values.

Chronic damage indicators: a positive correlation
between mean ADC values and abnormal voluntary activity
and the large motor unit was observed, whereas a negative
correlation was found with the mean FA values. In addition,

Table 1 Primary MRI

o ADC (x 107% mm?%/s) FA T2 mapping (ms)

quantitative data on the affected

and healthy nerve root Pre Intra Post Pre Intra Post Pre Intra Post
Affected side 1.381 1.266 1.193 0356 0367 0401 62.2 66.2 60.6
Healthy side 1.656 1.271 1.264 0406 0316  0.456 61.12  64.01 62.03
p value 0.031*  0.238 0.031* 0.804 0.238  0.031* 0.07% 045 0.45
Bold is the p value <0.05
*A p value <0.05 was considered significant

Table 2 Primary MRI quantitative data and clinical parameters correlation

ADC pre ADC intra ADC post FA pre FA intra FA post T2 map pre T2 map intra T2 map post

Duration —0.664* —0.363 —0.088 0.204 0.647 —0.728 —-0.269 0.668 0.282

Pain 0.255 0.620* 0.628* —0.187 0.169 0.078 0.135 —-0.297 -0.079

Strength 0.448 0.584 0.580 —0.052 —0.358 0.572 0.703 —0.659 —0.398

Bold is the p value <0.05

*A p value <0.05 was considered significant
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Table 3 MRI data and EMG parameters correlation during the acute damage of the nerve roots

Acute damage ADCpre ADCintra ADCpost FApre FAintra FApost T2mappre T2mapintra T2 map post
F-wave amplitude () 0.471* 0.509* 0.862* 0.103 0.062 0.007  0.008 -0.476 0.571
F-wave latency (1) —0.678%  —0.476* 0.018 0.926%  0.864* —-0.537  0.395 —-0.026 —0.262
Bold is the p value <0.05

*A p value <0.05 was considered significant

Table 4 MRI data and EMG parameters correlation during the subacute damage of the nerve roots

Subacute damage ADCpre ADCintra ADC post FA pre FAintra FApost T2mappre T2mapintra T2 map post
Spontaneous activity ~ 0.810% 0.767* 0.774* -0.140 0.127 0.002 —0.209 0.250 0.991*

Bold is the p value <0.05

*A p value <0.05 was considered significant

Table 5 MRI data and EMG parameters correlation during the chronic damage of the nerve roots

Chronic damage ADCpre ADCintra ADC post FA pre FAintra  FA post T2 map pre T2 mapintra T2 map post
F-wave amplitude (})  0.612* 0.523* 0.118 -0.416 —-0.021 0.158 —-0.386 0.482%* 0.685*
F-wave latency (1) 0.112 —0.431 —0.623 —0.441 -0.204 —0.683* —0.634* —0.042% -0.339
Voluntary activity 0.311 0.508%* —0.057 —-0.492%  —0.01* -0.229 0.190 0.936 0.313
Motor units 0.238 0.407 —0.201 —0.786* —0.932*% 0.199 0.000 0.000 0.000

Bold is the p value <0.05

*A p value < 0.05 was considered significant

a positive correlation was also found between abnormal vol-
untary activity, large motor unit, and T2 mapping values
increase. An inverse correlation was found between M-wave
latitude increase and mean ADC and T2values. Finally,
M-wave amplitude reduction correlated with the mean ADC
and T2 mapping values.

Discussion

Several reports have shown the feasibility and the reproduc-
ibility of quantitative advanced MRI techniques for evaluat-
ing the nerve root pathology [2-8]. Among them, the ADC
and DWI sequences are helpful techniques for quantifying
restricted diffusivity in the affected nerve roots.

From our MRI analysis, there was a significant reduc-
tion in the mean ADC values on the affected root com-
pared to the healthy one: preforaminal 1.381 +0.316
versus 1.656 +0.604 x 107> mm?/s (p value=0.031); intra-
foraminal 1.266+0.221 versus 1.271+0.310x 1073 mm?/s
(p value =0.238); postforaminal 1.193 +0.330 versus
1.264 +0.219x 1073 mm?%/s (p value=0.031). Neverthe-
less, these results were not consistent with those reported
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in the literature, with some supporting the data [7, 9, 10]
and others rejecting them [1]. A possible explanation may
depend on the different observation times of the studies.
Indeed, as observed by MacDonald, the mean diffusivity
value decreases between 6 h and 4 days since the injury, due
to cytotoxic oedema, while it increases between the 1st and
4th week, due to vasogenic oedema and demyelination [11].

Besides, mean FA value showed lowest scores in the
affected root compared to the healthy one: preforaminal
0.356 +£0.06 versus 0.406 +0.13 (p value =0.8); intraforami-
nal 0.367+0.17 versus 0.316+0.06 (p value =0.238); post-
foraminal 0.401 +0.11 versus 0.456 +0.07 (p value=0.03).
This is likely associated with axonal injury and nerve root
compression, in which the presence of local extracellu-
lar oedema and the reduced numbers of fibres results in
increased extracellular space [6, 12, 13].

Finally, mean T2 values were higher in the affected root,
namely: preforaminal 62.2 ms +5.7 versus 61.12 +5.44 ms
(p value =0.07); intraforaminal 66.2 ms+ 5.4 ver-
sus 64.01 +4.58 ms (p value =0.45); postforaminal
60.6 ms = 11.7 versus 62.03 +2.53 ms (p value =0.45) due
to the higher water content (oedema) in the affected root
[14, 15].
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We observed an indirect correlation between disease
duration and the mean ADC values, due to the probable
oedema reduction in the advanced stages of the disease. On
the contrary, pain significantly correlated with the mean
ADC values, confirming its predictive role as an imaging
biomarker in the acute stages of the illness.

Perhaps the most clinically relevant findings are those
related to the EMG evaluation.

One unanticipated result was that EMG parameters of
acute damage of the affected root (F-wave reduction, F-wave
latency increase) significantly correlated with the mean
ADC values. This may be due to cytotoxic oedema in this
stage and, therefore, to the isotropic diffusivity restriction, as
observed by MacDonald [11]. No significant correlation was
found between the T2 mapping values and the EMG param-
eters, probably because cytotoxic oedema is prevalent in this
stage, and it did not determine any T2 mapping changes.

Subacute damage (14 days, 2 months) is characterized by
single oscillation (fibrillation) at the spontaneous activity at
rest. This parameter significantly correlated with the mean
ADC values, supporting the idea that vasogenic oedema and/
or demyelination with increased diffusivity are prevalent in
this stage. Another critical association was found between
spontaneous activity and the T2 mapping values, which pro-
gressively increase with intraradicular oedema development.
There was no relationship between spontaneous activity and
mean FA values.

Chronic damage is characterized by EMG evidence of
denervation and axonal injury, such as single oscillations
during voluntary activity, large motor unit, increase in the
M wave latency, and reduction in m wave amplitude. There
was a significant correlation between mean ADC values and
abnormal voluntary activity and large motor unit, whereas
there was an inverse correlation with the FA values. This was
supported by in-vivo studies on animals that found the ADC
increase and FA reduction with the histological and func-
tional ultrastructural modification, namely: demyelination,
axonal density reduction, and extracellular space increase
[16]. Similarly, there was a significant correlation between
abnormal voluntary activity, large motor unit, and the rise
of the t2 mapping values, underlying the strong relationship
between these EMG parameters and intraradicular oedema.

In the chronic stages, we found an M wave amplitude
reduction associated with M wave latency augmentation.
This may be due to the Wallerian degeneration that extends
slowly and distally to the axonal damage, involving the
peripheric nerve [17].

An inverse correlation was observed between M wave
latency raise and the mean ADC values, which was the same
as the t2 mapping values. This may be associated with the

Acute phase Subacute phase Chronic phase Late chronic phase

===ADC =——=T2mapping =FA

Fig.2 In the line graph are summarized the main changes in the
advanced MRI sequences during the clinical course of lumbar radicu-
lopathy

progressive intraradicular oedema reduction in the chronic
stages. We observed the same trend for the M wave ampli-
tude reduction that significantly correlated with the ADC
and T2 mapping values. Fig. 2 summarizes the main changes
in the advanced MRI sequences during the clinical course of
lumbar radiculopathy.

Conclusions

Using advanced MRI sequences, evaluation of lumbar nerve
roots may provide useful clinical information in patients
with lumbar radiculopathy, potentially indicating active
inflammation/myelinic damage (DTI, T2 mapping) and
axonal damage/chronicity (DWI).
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