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Somatotopic fascicular organization of the

human sciatic nerve demonstrated by

MR neurography

ABSTRACT

Objectives: To investigate whether the human sciatic nerve might have a consistent somatotopic
organization according to proximal fascicle input by spinal nerves.

Methods: Twelve patients (55.3 = 15.5 years) with confirmed lesions of either the L5 or S1 spinal
nerve root underwent magnetic resonance neurography of sciatic nerve fascicles including thigh
and knee levels (T2-weighted sequence with fat saturation, repetition time/echo time 7,552/52
milliseconds, voxel size 0.27 x 0.27 x 3.0 mm?3). Twenty healthy subjects and 12 additional
patients with an established diagnosis of peripheral polyneuropathy served as 2 separate
age- and sex-matched control groups. Two blinded readers assessed patients and controls for
presence of distinct lesion patterns. Spatial maps of normalized T2 signal were rendered after
segmentation and coregistration of sciatic nerve voxels to detect fascicle lesion patterns.

Results: A clear somatotopic distribution of nerve fascicles was observed on cross-sections along
the entire course of the sciatic nerve and was distinct between patients with L5 and those with
S1 lesions. Fascicles emerging from L5 were ordered in anterolateral positions within sciatic
nerve cross-sections, while fascicles emerging from S1 appeared posteromedially. Visual assess-
ment discriminated these somatotopic lesions in all cases from both healthy and polyneuropathy
controls.

Conclusion: A distinct pattern of somatotopy was identified within the sciatic nerve according to
proximal fascicle input by L5 and S1 spinal nerves. Knowledge of human nerve somatotopy may
have clinically useful implications in imaging-aided diagnosis of neuropathies. Neurology®
2015;84:1782-1787

GLOSSARY

MRN = magnetic resonance neurography; PNP = polyneuropathy.

The somatotopic organization of the CNS has been investigated in detail but little is known
about the internal topography of peripheral nerves. The classic works by Sunderland' posited
the idea of widespread “plexiform” intermingling of fascicles within a given nerve. These results
questioned the concept of an interindividually consistent somatotopy, that is, a reproducible
topographic organization of fascicles within peripheral nerves. Subsequent studies, however,
collected evidence for a high degree of spatial preservation of nerve fascicles positioning in cross-
section.” These mainly experimental reports investigated the more accessible, distal portions of
peripheral nerves ex vivo and found a consistent somatotopic ordering of fascicles in a “cable-
like” fashion, which corresponded to the spatial-anatomical arrangement of supplied target
muscles and skin areas.”> Whether nerve topography might also follow an internal somatotopic
pattern according to proximal fascicular input by spinal nerves has not been examined
in humans.

Detection of partial and somatotopically ordered lesions in peripheral nerves can be of signif-
icant diagnostic value as was recently shown by visualization of proximal median nerve lesions
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isolated to motor fascicles in anterior interosse-
ous neuropathy.” In this series, we report
in vivo findings from magnetic resonance neu-
rography (MRN), demonstrating by fascicular
lesion topography the somatotopy of the sci-
atic nerve, according to proximal contribution
from L5- or S1-derived nerve roots and spinal
nerves.

METHODS Standard protocol approvals, registrations,
and patient consents. This observational study was approved
by the institutional ethics committee (S-057/2009) and written

informed consent was obtained from all participants.

Patient inclusion criteria and control groups. Nine patients
with an established diagnosis of L5 radiculopathy or spinal nerve
lesion and 3 patients with an established S1 radiculopathy or
spinal nerve lesion were included. Since nerves can be damaged
at any point from their exit from the spinal cord as ventral and
dorsal nerve rootlets and roots, which then enter the vertebral
foramen to form the spinal nerve, we here subsume these different
anatomical segments under the term “spinal nerve root.” Like-
wise, corresponding preforaminal, intraforaminal, and postfora-
minal lesion sites are subsumed further as “radiculopathy”
(including proximal spinal nerve lesions) to distinguish them

from sciatic mononeuropathies occurring distal to plexus

formation. Confirmation of diagnosis in patients was based on
a combination of clinical, electrophysiologic, and imaging find-
ings: paresis (medical research council grade =4) in L5 or S1
innervated muscles’; evidence of myotomal denervation on
EMG and exclusion of large fiber polyneuropathy (PNP) on elec-
troneurography according to standard practice recommenda-
tions’; spine and plexus MRI results, and in cases of traumatic
injuries involving fractures also CT; and lower leg muscle dener-
vation patterns consistent with either L5 or S1 spinal nerve root
affection on MRI.®

Twenty age-matched healthy subjects (10 women, 10 men,
50.3 = 11.6 years) without symptoms of peripheral neuropathy,
or risk factors such as diabetes, alcoholism, or infectious disease
served as healthy controls for quantitative and qualitative analysis.
Another 12 patients (6 women, 6 men, 54.6 = 14.1 years) with
confirmed diagnosis of PNP (5X chronic inflammatory demyelin-
ating PNP, 2X monoclonal gammopathy-associated PNP, 1X each
multifocal acquired demyelinating sensory and motor neuropathy,
multifocal motor neuropathy, hereditary motor and sensory neu-
ropathy I, uremic PNP, graft-vs-host disease—associated PNP), but
not typical symptoms of L5 or S1 radiculopathy, were included as a

second control group for qualitative analysis.

MRN protocol. Patients were examined at the Department of
Neuroradiology of Heidelberg University Hospital, Germany,
between May 2010 and July 2014. MRN examinations at 3T
(Magnetom VERIO; Siemens, Erlangen, Germany) were per-
formed with axial high-resolution T2-weighted fat-saturated

[ Table Clinical data of patients

No. Age,y Sex

il 73
2 55
3 72
4 44
5 65
6 29
7 73
8 54
9 74
10 51
11 34
12 52

M

F

Localization of lesion

Affected Duration of 37
spinal Muscle symptoms before
nerve root strength MRI, mo Imaging
Foot and toe
extension
L5 0/5 and 0/5 5) Spine and  Yes
plexus MRI
L5 4/5 and 3/5 3 Spine and  Yes
plexus MRI
L5 0/5 and 0/5 6 Spine and  None
plexus MRI
L5 4/5 and 4/5 1 Spine and  Yes
plexus MRI
L5 1/5 and 1/5 6 Plexus MRl None
L5 0/5 and 0/5 3 CT/plexus  Yes
MRI
L5 3/5 and 2/5 4 Spine and  None
plexus MRI
L5 2/5 and 2/5 6 Spine and  None
plexus MRI
L5 4/5 and 4/5 2 Spine and  None
plexus MRI
Plantar flexion
S1 4/5 12 CT/plexus Yes
MRI
s1 4/5 2 Spine and  None
plexus MRI
S1 3/5 3 Plexus MRl Yes

Surgery Diagnosis

Disk herniation L4-5

Disk herniation L4-5

Extraforaminal/far lateral disk herniation L5-S1
Extraforaminal/far lateral disk herniation L5-S1
Inflammatory radiculopathy (varicella zoster virus, CSF

confirmed)

latrogenic L5 compression by screw instrumentation after
pelvic fracture

L5 radiculopathy due to degenerative changes with scoliosis
and intraforaminal nerve compression

Isolated L5 neuropathy, syndrome of undetermined etiology
with unequivocal clinical presentation and plexus imaging

Extraforaminal disk herniation L5-S1

latrogenic S1 lesion by screw instrumentation after pelvic
fracture

Intrathecal cytarabine-associated sacral radiculopathy in T-
ALL

latrogenic S1 lesion during hysteropexia

Diagnosis was based on clinical examination with electrophysiology, as well as direct imaging confirmation by MRI of the spine and plexus (and CT in
2 cases with nerve lesions by metallic instrumentation).
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section blocks (repetition time/echo time 7,552/52 milliseconds,
spectral fat saturation, acquisition time 7:07 minutes, matrix
512 X 358, field of view 140 mm, voxel size 0.27 X 0.27 X
3.0 mm?, interslice gap 0.3 mm, slices 45 for each slab) using an
8-channel phased-array extremity coil (Siemens) to cover the
sciatic nerve and its branches at thigh and knee levels. Calf
muscles were scanned after patient and coil repositioning using
the same sequence. Additional imaging in all patients covered the
lumbosacral plexus from L3 spinal nerves to at least the sciatic
notch with a 3-dimensional turbo spin echo with variable
flip-angle sequence (repetition time/echo time/inversion time
3,800/266/180 milliseconds, acquisition time 8:32 minutes,
matrix 320 X 320, field of view 305 mm, voxel size 0.95 X
0.95 X 1.0 mm?, slices 104) using a 2 X 6 channel flexible

body surface array coil and 12-channel spine array.

Postprocessing and image analysis. Sciatic nerve cross-
sections for each patient were taken at a representative position
17 cm proximal to the knee joint space. Fibular and tibial
nerve divisions were segmented separately and aligned since
they divide at interindividually different levels. Images were
flipped horizontally from left to right in patients with left-sided
symptoms to achieve anatomical comparability. For generation
of spatial representation maps on group level, intersubject
image registration was performed with 6 degrees of freedom
(FMRIB [Oxford Centre for Functional Magnetic Resonance
Imaging of the Brain] Software Library version 5.0). Signal
normalization was achieved by calculating the ratio between
nerve T2 signal and T2 signal of adjacent nondenervated
muscle on the corresponding slice. Then, spatial maps of mean

normalized T2 values were rendered for patients.

Sciatic nerve images were rated for each subject by 2 investiga-
tors (P.B., M.P.) blinded to the diagnosis into one of the following
lesion pattern categories: (1) normal, (2) disseminated lesion pat-
tern, or (3) somatotopic lesion pattern. If a subject was rated as hav-
ing a somatotopic lesion pattern, it was further rated as either L5 or
S1 pattern. Only images containing the sciatic nerve at thigh and
knee level were used for this, since more proximal or more distal
images might have disclosed the diagnosis (e.g., by revealing root

compression or distal denervation patterns).

RESULTS Patient data. Twelve patients (55.3 * 15.5
years) were included with lesions of either the L5
(9 patients) or S1 (3 patients) spinal nerve root
(table). Diagnosis was based on clinical presentation
with EMG results, and imaging of the spine and
lumbosacral plexus additionally localized the lesion
in all cases to the corresponding L5 or S1 spinal nerve
root. Surgery was subsequently performed in 6 pa-
tients and further confirmed imaging findings.

Somatotopy of spatial lesion patterns in sciatic nerve. In
all cases of L5 radiculopathy, lesion extension along
the longitudinal course of sciatic nerve fascicles
followed a distinct internal pattern of topographic
organization within the nerve cross-section (figure 1).
Ventral and lateral fascicles in the sciatic nerve
displayed pathologically increased T2 signal, while
dorsal fascicles were normal.

[ Figure 1 Somatotopy of L5 and S1 lesion patterns at thigh level ]
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(A) Complete array of representative axial images of the sciatic nerve for each patient, at thigh level 17 cm proximal to the
knee joint space. Lesioned fascicles within sciatic nerve are located anterolateral in patients with L5 neuropathy and pos-
teromedial in patients with S1 neuropathy. Images are flipped horizontally from left to right in patients with left-sided affec-
tion to obtain comparability. Fibular and tibial divisions are separated from each other since they divide at different levels
interindividually. (B) Color-coded spatial map of pathologically increased T2 signal, calculated as the group mean after inter-
subject image registration with 6 degrees of freedom. Note that, because of the calculation mode by relative signal intensity
values, this map serves for visualization purposes alone and not as a fully quantitative probability map.
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In all cases of S1 radiculopathy, lesion extension
along the longitudinal course of sciatic nerve fascicles
again followed a distinct pattern of topographic organi-
zation, affecting predominantly dorsal fascicles. L5 and
S1 lesions appeared complementary and congruent to
each other with little spatial overlap. Lesion patterns
were delineated in cross-sections of the sciatic nerve
along its entire length until knee level (figure 2).

At calf level, muscle denervation patterns were
consistent with the diagnosis of L5 and S1 lesions®”
and corresponded to the somatotopic lesion pattern
within the sciatic nerve.

Differential diagnosis by pattern discrimination. Soma-
totopic lesion distribution was discriminated against
normal (healthy control group) and disseminated
(PNP control group) lesion patterns by qualitative
visual assessment with high diagnostic accuracy and
strong interobserver agreement. All 12 sciatic nerves
with L5 or S1 lesions were correctly rated as somato-
topic lesions, and all 12 PNP controls correctly as dis-
seminated neuropathy by both readers. Further
discrimination of somatotopic lesion patterns into
etiologies of L5 vs S1 lesions was correct in all cases.
Healthy controls were correctly rated normal in
17/20 and 16/20 cases and falsely rated positive in

3/20 and 4/20 as PNP by rater 1 and 2, respectively
(overall Cohen k = 0.95), resulting in a specificity of
82.5% and a sensitivity of 100%.

DISCUSSION We here report in vivo evidence of the
somatotopic organization of the human sciatic nerve
according to its main proximal contributors, the L5
and S1 spinal nerve roots. Apparently, sciatic nerve
fascicles maintain a clearly arranged spatial position
within the nerve cross-section depending on their
origin from spinal nerve roots, not only within the
proximal nerve trunk but even until the bifurcation
of the sciatic nerve.

These findings strongly support the idea of a
mainly “cable-like” structure within peripheral
nerves. Previous investigations on the internal
arrangement of the sciatic nerve have been under-
taken in great anatomical detail and have unraveled
the somatotopy of the sciatic nerve regarding distal
innervation targets.*'* Our study is to our knowledge
the first to support the existence of a reproducible
somatotopy within human peripheral nerves in vivo
and according to their proximal input. The only avail-
able experimental animal study exploring this idea,
with cadaver dissection of dogs after selective spinal

[ Figure 2 Longitudinal array of distinct sciatic nerve lesion patterns ]

Sciatic nerve

Control

Sciatic nerve cross-sections level of exemplary patients are shown at different thigh levels. Precise spatial position is given
in millimeters proximal to the knee joint by cross-referencing with MRl localizers. Left smaller divisions correspond to fibular,
right divisions to tibial division of the sciatic nerve. L5 lesions are associated with T2-weighted hyperintense anterolateral
fascicles; S1 lesions are obvious in posterior fascicles along the course of the sciatic nerve. Healthy controls do not exhibit
nerve lesions, whereas polyneuropathies (PNPs) (case of multifocal motor neuropathy shown above) have short, discontin-
uous scattered lesion in an apparently random fashion. Muscle denervation corresponds to lesion patterns in nerves. In L5
lesions, mainly the extensor and fibular compartment is affected as well as the posterior tibial and popliteal muscle. In S1
lesions, soleus and gastrocnemius muscles are mainly affected. In diffuse PNP, all muscles can be affected.
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nerve section, found a longitudinally retained topog-
raphy of spinal nerve—dependent arrangement within
the sciatic nerve."" Our in vivo findings in patients are
entirely consistent with this previous animal study
and demonstrate the concept of a “radicular” periph-
eral nerve somatotopy in human neuroanatomy.

Knowledge of sciatic nerve somatotopy and imag-
ing of selective fascicular lesions can have clinical
significance in a number of different situations.” Dif-
ferentiation of radiculopathies from inflammatory or
metabolic sciatic neuropathies is a frequently encoun-
tered clinical situation. Although expert electrodiag-
nostic examinations will most often lead to the correct
diagnosis in common radiculopathies, needle elec-
trode examinations are still subject to patient compli-
ance, and time-dependence of needle electrode
examinations, which may partially normalize over
time.” Furthermore, partial spinal nerve root lesions
involving, e.g., only motor or only sensory fascicles,
and interindividual variation in dermatomal and my-
otomal arrangement are phenomena that can compli-
cate clinical and electrophysiologic assessment.'*'4
Innervation anomalies and pure demyelinating
lesions not leading to wallerian degeneration or pure
sensory disturbances without EMG findings can also
pose diagnostic difficulties. The latter 2 scenarios
would only cause alterations in somatosensory evoked
potentials or F waves that both have a limited top-
odiagnostic resolution. In all of these situations,
detection of somatotopic lesions of the sciatic nerve
at thigh level would yield additional diagnostic
certainty. Future studies will have to investigate pre-
cisely in which clinical circumstances additional
MRN provides added value.

The current study has limitations. The small
patient number does not yet allow full external gener-
alization of our somatotopic map of the sciatic nerve.
This is especially true for the fibular portion of the
sciatic nerve, which only shows minor lesions in our
cases but is known to carry fascicles stemming from
the S1 spinal nerve. Furthermore, we acknowledge
that we cannot exclude some degree of intermingling
between proximal nerve fibers. However, potential
plexiform intermingling is apparently limited to such
a degree that conspicuous T2 lesions on MRI appear
regionally restricted so that the somatotopic distribu-
tion is conserved. Experimental studies have shown
that nerve degeneration by proximal lesions results
in distally increased nerve T2 signal.’> The appear-
ance of T2 signal alterations in distal nerve segments
after proximal lesions is likely to depend on the sever-
ity of the lesion and time. Severe proximal lesions
may appear within a few days."” Less severe damage,
which is more difficult to simulate experimentally,
might take months to become visible. Future studies
will need to investigate this time and stimulus
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dependence of distal T2 lesion appearance by proxi-
mal injury.

The somatotopic organization of fascicles within
the human sciatic nerve according to its proximal
input from spinal nerve roots L5 and S1 is demon-
strated here in vivo by MRN. These lesions can be
readily discriminated from healthy subjects and
PNPs. This work therefore supports a robust somato-
topic organization in peripheral nerve trunks accord-
ing to proximal radicular input with clinically relevant
diagnostic implications for lesion localization in the
peripheral nervous system.
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