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Purpose: To perform a synthesis of articles addressing the role of stretching on roots in the pathophysi-
ology of radiculopathy.

Methods: Review of relevant articles on this topic available in the PubMed database.

Results: An intraoperative microscopy study of patients with sciatica showed that in all patients the

Ke}’"‘f‘”“-’ hernia was adherent to the dura mater of nerve roots. During the SLR (Laségue’s) test, the limitation
Sciatica of nerve root movement occurs by periradicular adhesive tissue, and temporary ischemic changes in
Root . . . . . .

Dorsal root ganglia the nerve root induced by the root stretching cause transient conduction disturbances. Spinal roots are
Stretching more frail than peripheral nerves, and other mechanical stresses than root compression can also induce
Adhesion radiculopathy, especially if they also impair intraradicular blood flow, or the function of the arachnoid
Gliding villi intimately related to radicular veins. For instance arachnoiditis, the lack of peridural fat around the

thecal sac, and epidural fibrosis following surgery, can all promote sciatica, especially in patients whose
sciatic trunks also stick to piriformis or internus obturator muscles. Indeed, stretching of roots is greatly
increased by adherence at two levels.

Conclusions: As excessive traction of nerve roots is not shown by imaging, many physicians have
unlearned to think in terms of microscopic and physiologic changes, although nerve root compression in
the lumbar MRI is lacking in more than 10% of patients with sciatica. It should be reminded that, while
compression of a spinal nerve root implies stretching of this root, the reverse is not true: stretching of
some roots can occur without any visible compression.

© 2017 Société francaise de rhumatologie. Published by Elsevier Masson SAS. All rights reserved.

1. Spinal radiculopathies are multi-factorial diseases

The pathophysiology of sciatica is not completely understood,
although ion channels, such as acid-sensing ion channel 3, Piezo2,
and transient receptor potential vanilloid receptor 1 responding
to tissue acidosis, mechanical force, and inflammatory mediators,
seem the main pathways transducing the subset of pains in sciatica
[1]. Accumulating evidence has shown that lumbar radiculopathy
may involve almost all types of pain in a single patient, including
inflammatory, neuropathic, ischemic, and mechanical pain [1].

All those mechanisms can result from a single inducing factor,
like disc herniation. For instance, it has been extensively demon-
strated in pig and rodent models that chemical injury by nucleus
pulposus induces inflammation surrounding the dorsal roots or
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dorsal root ganglion (DRG) [2,3]. Furthermore, those neurons sen-
sitized by inflammatory mediators are hypersensitive to otherwise
innocuous mechanical force (stretching or compression) [4]. A cen-
tral sensitization in the spinal cord can also follow, and could favour
ongoing allodynia in some patients [1].

However, a histological study of 96 transligamentous disc
herniations showed that the importance of cell infiltration by
macrophages, T or B lymphocytes, or activated T lymphocytes, was
not associated with motor weakness or positivity of straight leg
raising (SLR) (Laségue’s test) [5]. The authors concluded that those
immune cells, which have been demonstrated in a high propor-
tion of disc herniations, are probably more important for disc tissue
resorption processes than for producing sciatica [5].

As diagnoses of radiculopathy following acute or chronic root
stretching can be missed or denied when imaging shows no root
compression, this review aims to recall that stretching of root
could play a leading role in the pathogenesis of some mechanical
radiculopathies.

1297-319X/© 2017 Société francaise de rhumatologie. Published by Elsevier Masson SAS. All rights reserved.
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2. Stretching of sticking roots reduces intraradicular blood
flow and causes conduction disturbances

In fact, adhesion of roots to herniated materials, leading to
repeated stretching, can be pivotal. Indeed, an intraoperative
microscopy study of 32 patients with unilateral sciatica showed
that in all patients the hernia was adherent to the dura mater of
the nerve roots [6]. During the SLR test, the limitation of nerve
root movement occurred by periradicular adhesive tissue (gran-
ulation with many inflammatory cells) [6]. The amplitude of action
potential showed a sharp decrease at the angle that produced sci-
atica. After removal of the hernia, all the patients showed smooth
gliding of the nerve roots during the test, and there was no longer
decrease of amplitude [6]. This suggests that temporary ischemic
changes in the nerve root induced by the root stretching cause
transient conduction disturbances, as already observed in another
set of patients with reduction of gliding to only a few millime-
tres [7]. Indeed, during the SLR test, intraradicular blood flow
showed a sharp decrease at the angle that produced sciatica, which
lasted for one minute. It decreased by 70.6%4+20.5% in the L5
nerve root, and by 72.0%+22.9% in the S1 nerve roots relative
to the blood flow before the SLR test. After removal of the her-
nia, all the patients showed smooth gliding of the nerve roots, and
there was no marked decrease in intraradicular blood flow dur-
ing the second intra-operative test [7]. Japanese surgeons similarly
measured S1 nerve root blood flow and electrophysiologically eval-
uated the nerve root using the compound muscle action potentials
(CMAPs) from the gastrocnemius muscle after S1 nerve root stim-
ulation during an intraoperative SLR test in patients with sciatica
by lumbar disc herniation [8]. Before discectomy, there were sharp
decreases in the nerve root blood flow after 1 and 3 minutes of the
SLR test (P<0.001), and the amplitudes of the CMAPs deteriorated
significantly (P<0.001), with a significant correlations between
the two. After discectomy, the blood flow increased significantly
(P=0.001), and when the SLR test was performed again, the blood
flow showed no significant decreases, while the average amplitudes
of the CMAPs were significantly improved (P<0.01) [8].

3. Contact with nucleus pulposus is not a prerequisite, and
other mechanical stresses can also induce radiculopathy

Therefore, although contact with nucleus pulposus certainly
increases the likelihood of nerve root disturbance, it might not
be mandatory for the onset of all sciatica. Other conditions lead-
ing to repeated mechanical insults and/or root adhesion could also
make the root hypersensitive to further triggers. They can also
induce radiculopathy, especially if those mechanical stresses also
impair intraradicular blood flow, or the function of the arachnoid
villi present around spinal roots, and intimately related to radic-
ular veins. Indeed, cerebrospinal fluid absorption occurs not only
intracranially, but also along the spinal axis [9,10].

For instance, mechanical stress on roots without disc hernia-
tion (as observed in foraminal spinal stenosis) also alters nerve
root conduction and compromises the nutritional support of spinal
nerve roots and ganglia (through intrinsic and extrinsic vascular-
ity and cerebral spinal fluid percolation), so that mechanical forces
alone can lead to intraneural damage and functional changes [11].
Whereas peripheral nerves receive 95% of their nutritional supply
from intramural blood vessels, spinal nerve roots and DRGs are sur-
rounded by cerebrospinal fluid and receive 58% of their nutritional
supply from cerebrospinal fluid and 38% from intramural blood
vessels. Accordingly, DRG are even more sensitive to mechanical
stress and consequent ischemic and nutritional changes than nerve
roots [1]. This explains why chronic compression of the DRG in the
L4/L5 intervertebral foramina by stainless steel rods can be used to

simulate the clinical conditions caused by stenosis, such as a later-
ally herniated disc, or foraminal stenosis. This results in neuronal
hyperexcitability, spontaneous action potentials associated with
hyperalgesia, spontaneous pain, and mechanical allodynia, mim-
icking radicular pain in humans [1]. Sciatica due to epidural gas
migrating from gas-containing herniated discs with the vacuum
phenomenon has even been observed in numerous occasions [12].
Thus, mechanical forces other than disc herniations can promote
and sustain sciatica.

4. Stretching strains on roots have been disregarded

Although there is a general acceptance that those radiculalgia
result from compression of nerve root and/or DRG, other insults,
like excessive traction of roots or DRG and overpressure in the
peridural space, could be frequently involved in the pathogenesis
of radiculopathy. Those disregarded roles of traction stresses and
peridural overpressure could account for the frequent mismatch
between spinal magnetic resonance imaging (MRI) and symptoms
of sciatica, and the observation that nerve root compression in the
lumbar MRI is lacking in more than 10% of patients with sciatica
[13].

Actually, sciatica, and even cauda equina syndrome, can be
observed in patients with spondylolisthesis, or pseudomeningo-
cele without disc herniation [14]. Although the predominance of
the literature has addressed nerve root compression as the princi-
pal cause of sciatica and other spinal neuropathy, it is equally likely
that a stretch mechanism may be responsible for all or part of the
pathology [15].

4.1. Imaging cannot show excessive traction of nerve roots

The first explanation for this unawareness is that excessive trac-
tion of nerve roots and/or hyperpressure in DRG are not shown
by imaging, although intra-radicular blood flow is equally affected
by excessive traction than by compression [7]. Many physicians-
radiologists, and mainly surgeons, have unlearned to think in terms
of microscopic and physiologic changes, and just consider the
macroscopic changes that can be observed on MRI or CT-scans.
This pragmatic and wise attitude is mostly in line with the lack
of mechanical root decompression possibility, although the threat
of lawsuits following surgeries performed without imaging proof
of an extrinsic insult could have also contributed to what may be
seen as a step backwards in medical thinking.

4.2. Peripheral nerves sustain major stretching stresses

The second reason for minoring the role of stretching in radicu-
lopathy is thatin peripheral nerves neurapraxia following excessive
stretching of nerves is a rare event at the clinical level, although
some pain previously ascribed to entrapment neuropathies have
beenrecently reclassified as traction neuritis (like pain in the lateral
forearm due to lateral antebrachial cutaneous nerve traction neu-
ritis [16], or suprascapular nerve neuropathies [17], including
those secondary to retracted rotator cuff tears [18]). For instance,
the follow-up of 1512 total hip arthroplasty showed that only
51 patients (3.37%) suffered from transient lateral femoral cuta-
neous nerve neuropraxia (3.37%), 4 from femoral nerve paralysis
(3 permanent, 1 transient [0.26%]) and only one of permanent
sciatic nerve paralysis (0.06%) [19] with different mechanisms of
injuries depending on surgical approach (indirect stretching for
anterior approach, versus direct conflict with retractor for most
posterior approach).

Peripheral nerves are indeed more extensible and less prone
to stretch injuries than spinal roots. In a cadaveric study on 7
specimens performed 7-20hours after death, a relative strain
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deformation of 3%-23% of plexus brachialis was documented dur-
ing 0° to 180° abduction tests [20]. One nerve sample was studied
histologically after 15% stretch on the bench. The mean pressure
change in the bundle was 13.6 mm Hg at 90° arm abduction,
53.7 mm Hg at 120°, 73.4 mm Hg at 150°, and 89.0 mm Hg at 180°.
Those traction and pressure were considered sufficient to induce
lesions in neural bundles of the plexus brachialis [20], but exten-
sive and repeated stretching of peripheral nerves usually do not
induce pain. Continuous intraoperative neuromonitoring used to
detect imminent injury by traction of some nerves like recurrent
laryngeal nerve [21] showed that the mean physiologic limit strain
was found to be as high as 15.0%, and histological analysis in a
swine model showed no abnormal structural finding [22]. Even
after extreme stretches, like those inducing brachial plexus avul-
sion, only 30-80% of patients develop neuropathic pain in human
[23], which is mainly the consequence of root and/or spinal cord
lesions, as better studied in animal models [23,24].

5. But spinal roots are more frail than peripheral nerves,
and are fixed by ligaments

Whereas the nerves and associated structures transmit and
absorb large amounts of force, the roots, in comparison, are
mechanically frail [25], as they are surrounded by much smaller
amounts of connective tissue, so that protection from tension
strains depends mainly on dissipation of peripherally applied forces
through epineurial and dural structures [26]. Old studies compar-
ing mechanical properties of peripheral nerves and nerve roots
confirmed major differences. While nerve root elasticity was com-
parable to nerve, nerve root strength was only 10% that of nerve, and
root stiffness was only 20% of nerve values [26]. This explain why,
to protect them from excessive strains, the mobility of the nerve
roots is much lower than those of peripheral nerves, as a result
of foraminal and extra-foraminal ligaments extending between
the spinal nerves and the tissues surrounding the intervertebral
foramens, either at the lumbar or cervical levels [27,28]. These
foraminal ligaments are of two types: a radiating ligament, which
connects the nerve root sleeves to the transverse processes and the
walls of the intervertebral foramen, and a trans-foraminal ligament,
which connects the structures around the intervertebral ligaments.
Foraminal ligaments in the cervical spine limit cervical nerve root
displacement and strain during upper limb neural tension testing,
and have a protective role in normal conditions [29]. However,
although those ligaments usually prevent lateral traction [27,28],
the radiating ligaments may also contribute to dura laceration and
root lesions during excessive tractions [30].

6. Motility and elasticity of the dura mater are also low and
weak

The motility and elasticity of the dura mater seems also rather
weak. Indeed, the conus medullaris is displaced caudally in the
spinal canal by 3.54 + 0.87 mm (. + SD) with unilateral (P < 0.001),
and 7.42 +2.09 mm with bilateral SLR (P<0.001) [31]. Moerover,
this movement seems directly proportional to the sliding of the L5
and S1 neural roots [32]. It has been checked that 90% of conus
medullaris displacement in the vertebral canal with SLR is primar-
ily due to transmission of tensile forces through the neural tissues,
while 10% only results of reciprocal movements between vertebrae
and nerves during the maneuver [33].

A study of cervical nerve root displacement in unem-
balmed cadavers showed that upper limb neural tension testing
resulted in mild but significant inferolateral displacement (average,
2.16 mm-4.32 mm) of cervical nerve roots C5-C8, with a signifi-
cant difference between the C5 and C6 nerve roots (3.15 mm vs.

4.32 mm, P=0.009). Upper limb neural tension testing also resulted
in significant strain (average, 6.80%-11.87%), as well as a significant
difference in strain between the C5 and C6 nerve roots (6.60% vs.
11.87%, P=0.03) [34]. This low motility of the spinal roots partly
explains why dynamic functional spinal unit that encloses a teth-
ered nerve root can create significant stretching through anterior,
posterior, and rotatory olisthesis [15].

7. Stretching of nerve roots can result in nerve damage

Numerous studies have demonstrated that stretching can result
in roots damage [15]. For instance, in a tethered cord syndrome
produced by slow traction in cats through fixation of a filum
terminale tractor, histopathological examination revealed an asso-
ciation between the increasing traction in the spinal cord and the
increase in impaired nerve cells [35]. The latencies of sensory and
motor evoked potentials significantly increased in the tethered cats
[35].In amodel of limb lengthening-induced chronic nerve-stretch
injury in rats, axonal degeneration of unmyelinated fibers was
also observed, and associated with tetrodotoxin-resistant (TTX-R)
sodium-channel Nav1.8 mRNA expression [36]. TTX-R expression
was restored following cessation of stretch, and conduction block
and histological changes recovered after 30 days, but pain thresh-
old did not recovered to the control group level after 30 days [37].In
a model of tibial lengthening in rabbits, a reduction of the number
of substance P-positive small cells in the dorsal root ganglia was
observed [38]. In rats dorsal lumbar nerve roots, functional nerve
root injuries, as evidenced by changes in the conduction veloc-
ity, amplitude, and area of the compound action potential, were
strain- and rate-dependent [39]. High-tension strains at low rates
cause complete conduction block in the roots, but a similar block
was also observed at lower strains and higher rate. The extent of
impaired axoplasmic transport was concomitant with functional
injury [39]. Differences in mechanical behavior of nerve roots were
observed among the four root levels (L4 to S1), although a signifi-
cantinteraction effect had previously been observed between nerve
root diameter and stretch rates [40]. An in vitro study of 20% ten-
sile strain in human DRG cells showed that this mechanical injury
also led to significant neuronal cell death, which was proportional
to strain duration. Hypoxia also promoted death of DRG neurons,
which was further enhanced when mechanical strain and hypoxia
were combined. Total cell death in response to mechanical injury
or hypoxia was similar in both non-nociceptive and nociceptive
neurons [41].

8. Repetated mechanical injury of roots could be sufficient
to induce allodynia

In a model of transient and repeated injury of lumbar nerve
roots in rats (loose ligation with chromic gut suture) at 0 and 42
days, mechanical allodynia was significantly greater on both the
ipsilateral and contralateral sides after reinjury (P<0.001), and the
response did not return to baseline after reinjury, as it did with the
initial injury [42]. There were also persistent spinal astrocytic and
microglial activation and interleukin-1beta expression in spinal
cord. This supports the concept that central neuroinflammation
plays an important role in chronic radicular pain [42], but also
that mechanical stress of roots without disc herniation can by itself
induce long lasting allodynia.

9. Stretch tests on roots (SLR and femoral stretch tests) are
highly specific for lumbar radiculopathies

The most useful and time-honoured tests to distinguish real sci-
atica and femoral neuralgia from referred pain in the thigh/legs, are
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SLR and femoral stretch test, respectively. In disc herniation sciat-
ica, with patients relieved from their pain following surgery as gold
standard, sensitivity of the SLR test ranges from 0.87 to 0.95 [43],
with an excellent specificity when the test is correctly performed.
Although the lumbosacral nerve roots (L4, L5, S1) may require hip
motion greater than 60° to produce substantive displacementin the
lateral recess [44], significant traction can occur for lower angles,
especially when dura mater motion is already impaired, either by
disc herniation, spinal stenosis, or adhesion of dura mater to the
spinal canal. It has been checked in rats that cauda equina compres-
sion by epidural balloon decreased the excursion, and increased the
strain of the sciatic nerve in response to a modified SLR test [45].

10. Examples of radiculopathy promoted by repeated root
stretching

A first frequently overlooked explanation for radiculalgia is
arachnoiditis. Lumbar arachnoiditis is characterized by obliterated
nerve root sleeves, and the adherence of nerve roots to each other
and/or to the thecal sac [46]. Three anatomic groups can be identi-
fied on MRI:

e conglomerations of adherent nerve roots residing centrally
within the thecal sac (group 1);

e nerve roots adherent peripherally to the meninges, giving rise to
an “empty thecal sac” appearance (group 2);

e soft tissue mass replacing the subarachnoid space (group 3) [47].

It can also occur at the dorsal level, where arachnoiditis can
induce roots kinking within the thecal sac, or spinal cord kink-
ing due to focal adhesion with dura mater [48]. It is often difficult
to recognize, but microsurgical arachnoidolysis can sometimes
resolve the spinal cord kinking, without short-term recurrence [48].
Chronic adhesive arachnoditis has been ascribed to prior spinal
surgery [49], intrathecal pump implantation [50], prior meningeal
inflammation or spinal hemorrhage, epidural blood patches [51],
percutaneous fibrin glue treatment of meningeal cyst [52], lumbar
epidural anaesthesia, translaminar or caudal epidural steroid injec-
tions [53], and even diagnostic lumbar puncture [54], but familial
cases have also been reported [55]. It is presumed to be rare, but
minor arachnoiditis could be easily overlooked. Indeed, transcuta-
neous neuroendoscopic inspection of the subarachnoid structures
of the lumbar thecal sac (thecaloscopy) [46] showed that arach-
noiditis could be much more frequent than deduced only from
imaging. Indeed, in 55 patients with chronic pain, using a thin
flexible fiberscope to observe subarachnoid spaces, a diagnosis of
chronic arachnoiditis was made in 20% (11 patients), that could not
be found by magnetic resonance imaging or computed tomography
[56].

A second situation is the lack of peridural fat around the thecal
sac, which, in patients with very large thecal sac, leads to venous
stasis in foraminal veins, excessive pressure in epidural space, and
DRGs, together with lack of motility of both, making nerve roots and
DRGs more vulnerable to stretching. Although these changes, which
are also observed in Tarlov’s cysts (found incidentally in 4%-9% of
MRI [57]), are not sufficient to induce radiculalgia, they probably
increase the risk of root damage following repeated mechanical
stretching insults, and are the sole explanation in some cases of
radiculalgia. Some of these radiculopathies may even be transiently
relieved following cerebro-spinal fluid soustraction, like in some
symptomatic perineural cysts [57].

Athird possibility is the adhesion between the dura-mater, roots
and intervertebral disc and spinal canal, which can induce very
sharp back pain, and unexplained limitation when bending for-
ward or backwards, each time the anterior aspect of the dura-mater,

which is highly innervated, or roots, can no longer gently glide
over the disc or spinal canal. In a finite element analysis model,
recent work found a significant stress concentration in the spinal
nerves, especially on the DRG, caused by the lack of adaptive dis-
placement between the dura mater and posterior annulus fibrosus
[58]. The authors concluded that the increased stress on the spinal
nerve might elicit more pain under similar magnitudes of lumbar
disc protrusion [58]. In another model, the strength of adhesion of
the L5 intraforaminal spinal nerve to the surrounding structures
was quantified eight weeks after bilateral L5-L6 laminectomy with
right-side L5-6 disc injury in rats. Lumbar intraforaminal spinal
nerve adhesion and tethering was demonstrated, supporting the
conclusion that post-surgical fibrosis might play a role in recurrent
radiculopathy following laminectomy [59].

The pathogenicity of epidural fibrosis following surgery has
been extensively reported, and adhesiolysis performed either per-
cutaneously of through spinal endoscopy seems effective to treat
chronic refractory low back and lower extremity pain induced by
root adhesions. Indeed, a recent meta-analysis concluded, based
upon 7 randomized controlled trials showing efficacy, with no neg-
ative trials, that there was level [ or strong evidence of the efficacy
of percutaneous adhesiolysis in the treatment of chronic refractory
low back and lower extremity pain [60]. Based upon one high-
quality randomized controlled trial, there was also level II to III
evidence supporting the use of spinal endoscopy in treating chronic
refractory low back and lower extremity pain [60].

11. Conclusion

In patients with radiculopathy but no overt discoradicular con-
flict, a thorough clinical examination is mandatory to discard the
possibility of other sources of pain, including spinal cord, plexus or
nerve trunk suffering, but a systematic search for subtle changes
along the course of spinal roots from the conus medullaris to
the extra-foraminal space could also be carried out. This could
help in identifying co-factors of root adhesions (like minor arach-
noiditis and/or adhesions of large thecal sac to the spinal canal).
Indeed, such minor changes may facilitate repeated stress of trac-
tion on DRGs, leading to their sensitisation, chronic neuropathic
sciatica, and sometimes excruciating pain despite an apparently
normal MR, especially in patients whose sciatic trunks also stick
to piriformis or internus obturator muscles. Indeed, stretching of
roots might require adherence at two levels, explaining why most
patients with large thecal sac or minor arachnoiditis have few if
any complaints. This could prevent costly diagnostic wavering, and
encourage the search of new procedures to treat those painful and
frustrating conditions.

Although it might be a rather rare event, physicians and radiolo-
gists should not definitively discard the diagnosis of radiculopathy
when no disc herniation or other sources of compression can be
found at imaging. Medical students should also be taught that,
while compression of a spinal nerve root implies stretching of this
root, the reverse is not true: stretching of some roots can occur
without any visible compression.
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