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Introduction

End-to-end nerve repair remains the treatment of choice
for peripheral nerve injuries. Differentiation of sensory and
motor fascicles is needed in peripheral nerve repair and for
sensory or motor neurotization to achieve good functional
results.! The obvious reasons for poor functional recovery
without matching the sensory and motor fascicles are axo-
nal loss and less number of axons reinnervating the target
tissues. Many techniques have been developed for differ-
entiating the sensory and motor fascicles, and each has its
advantages and disadvantages. A perfect technique is still an
elusive one. This narrative review highlights the available
techniques for identifying sensory and motor fascicles based
on the available literature.

Materials and Methods

Authors did a literature search using these keywords:
differentiation of sensory and motor fascicles, topography,
choline acetyltransferase (CT), carbonic anhydrase, electro-
physiology, histochemistry, immunohistochemical staining,
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Differentiating motor and sensory fascicles before anastomosis is essential for achiev-
ing an excellent postoperative functional outcome for peripheral mixed nerves injuries.
However, identifying them is not easy. There are several techniques to address this
important issue. Each identifying technique has its own pros and cons; this narrative
review highlights the salient features of each of these. Many of the newer techniques
need to be tested in humans before they can be recommended for regular use; till then
we have to rely mainly on per operative electrical stimulation of nerve to differentiate
between sensory and motor fascicles to improve postoperative functional outcome.

evoked potentials, and spectroscopy, on PubMed and Google
Scholar. Relevant articles were chosen, and this narrative
review is based on them.

Results and Discussion

The primary goal of nerve repair is to allow reinnervation of
the target organs by guiding regenerating sensory and motor
in the distal stump with minimal loss of axons at the suture
line. Complete restoration after peripheral nerve repair is
rarely accomplished as all the new axons may not get myelin-
ated to become functional mature fibers and make contact
with the appropriate motor and sensory end organs.* Many
factors, including surgical technique, type of injury, age of
the patient, and end-organ survival influence the functional
result following nerve repair. Out of all these factors, only the
surgical technique is controllable to achieve good results in
mixed peripheral nerve repair. It is well known that matching
sensory and motor fascicles in the repair of severed mixed
nerve yields better functional results.! Though it is prefer-
able to align sensory and motor fibers in all injuries to get
better results, but proximal injuries and injuries proximal to
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an emerging motor branch are considered as best for motor
sensory differentiation. In a mixed nerve, motor fascicles
form a few centimeters before they leave the main trunk
and minimal twisting of the nerve trunk often occurs, which
leads to difficulty in aligning the motor and sensory fascicles
accurately.®”

The methods available to identify motor and sensory
fascicles at the nerve stump are limited, and each technique
has its pros and cons. Presently four techniques are available
for fascicular motor sensory differentiation: anatomic
(topography )¢ electrophysiologic,® histochemical,’ and immu-
nohistochemical'® (~Table 1).

Anatomic (Topography)

Sunderland in 1945 showed the anatomical intraneural topo-
graphic distribution of funiculi in radial, ulnar, and median
nerves. It was an exhaustive description but it does not have
a practical utility in clinical practice.® An intraneural topo-
graphic knowledge provides basic information to aid correct
coaptation of fascicular groups. However, intraoperative
identification and segregation of the sensory and motor fas-
cicles is not practical because trauma distorts the cut end of
the nerves and the anatomic position of fascicles are not con-
stant between individuals, and can change significantly over
a short distance. Moreover, in late cases, fascicular pattern
is distorted due to fibrosis; and hence, it is suitable only in
acute and distal injury where pattern of sensory and motor
fascicles appears to be more obvious. Therefore, differentia-
tion between motor or sensory fascicles by reference to an
anatomic topographic atlas is not dependable.

Table 1 Advantages and disadvantages of different techniques

Electrophysiology

Various electrophysiological methods have been applied
during the course of an operation, including stimula-
tion of the dissected fascicles of the distal and proximal
stumps. Studies have shown improved sensory and motor
functions after peripheral nerve repair using direct stim-
ulation of nerve.®!"12 Per operatively the motor response
can be elicited from the distal stump in general anesthe-
sia without giving relaxants. The sensory response can be
noted only in awake conditions when proximal stump is
stimulated, and the patient is asked to name the sensory
dermatome on which the burning or tingling sensation is
felt. A cross-sectional nerve map can be made.

However, electrophysiological methods require local/
awake anesthesia, it can be imprecise or unpleasant for
patients and sensory and motor fascicles is testable only
in recent injuries. In chronic injuries, due to Wallerian
degeneration, motor fascicles are difficult to test. If the sur-
gery and mapping are done within six days of injury, then the
identification of distal stump can be made in more than 75%
cases and proximal stump in more than 90% cases. The tech-
nique can be used in both severed as well as intact nerves.!!'?
Electrical fascicular orientation has several advantages. It is
rapid, does not require specialized equipment, and may be
used in both partial and complete lesions. However, children,
the elderly, and patients with disturbed consciousness may
not be able to adequately contribute their response with this
technique.

Another electrophysiological method is elicitation of
H Reflex and M wave.” The electrical stimulation is given
through a needle electrode directly to the mixed nerve which

S.No. | Method Advantages Disadvantages Use in intact
nerve fascicles
1. Topography Low cost Limited practical utility Not possible
Rapid
2. Electrophysiology Easy Needs patient cooperation/awake Possible
« Direct stimulation Fast anesthesia
¢ Hreflex In vivo Difficult for late injuries
* M wave Good for recent injuries Moderate sensitivity and specificity
Requires electromyography
equipment with a nerve stimulator
3. Histochemistry High accuracy Long Incubation time Not possible
¢ Acetylcholinesterase Requires exposed nerve tissue
e Carbonic anhydrase Not useful for late injury
¢ choline acetyltransferase
4. Physical methods High sensitivity and Complex calculations Possible
* Raman/near Infrared spectroscopy | specificity Susceptible to artifacts
¢ Radioisotope methods Fast Expensive equipments
* Evoked potentials
5. Immunohistochemistry Fast Complex, requiring incubation Not possible
Accurate No tissue-specific proteins marker
different nerve fascicles.
6. Newer methods High sensitivity and Not tested clinically Possible
Quantum dots specificity
MRI with DTI and DWI Fast
Noninvasive

Abbreviations: MRI, magnetic resonance imaging; DTI, diffusion tensor imaging; DWI, diffusion weighted imaging.
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tests the integrity of the complete reflex arc, including the
afferent Ia fibers, spinal segment, efferent motor fibers, and
neuromuscular junction, leading to muscle twitch in the
electromyography. At low-intensity stimulation (1-1.5 mV),
the H reflex appears because the sensory fibers have a low
threshold and are preferentially stimulated. As the stimulus
intensity increases, the H reflex disappears and the M wave
starts appearing. It is because at the higher intensity the
motor fibers get stimulated which propagate orthodromi-
cally giving an M wave and antidromically canceling the H
reflex wave. H reflex/M wave technique can be used in intact
nerves only. Other drawbacks include requirement of awake
anesthesia electromyography equipment with a nerve
stimulator, have a moderate accuracy for recent injury, and
not useful for late injuries. The false reading may occur due
to joint effusion, voluntary contraction, and with age.!*
Therefore, it is of very limited practical utility.

Histochemistry

Acetylcholinesterase and CT are present predominantly in
motor fibers, and scantly in sensory fibers in a ratio of 8:1.
Therefore, their presence can be used as a biomarker for dif-
ferent nerve fascicles.' Similarly, carbonic anhydrase activity
is higher in sensory fascicles as compared with motor ones.!®
These chemicals can be detected by direct coloring method."’
The enzymatic activity under light microscopy will be shown
as brown staining. Histochemical methods take long incuba-
tion time (24 h) forcing the surgery to be done in two stages
which makes this method impractical for clinical uses. If the
incubation time is brought down, sensitivity of the method
gets reduced.'®!® Histochemistry has been used in experi-
mental as well as clinical studies but has limited applicability
because it requires a specialized technique, a trained team,
and expensive equipment. This technique requires cut end of
nerve tissue and, thus, cannot be tested on intact nerves.'62
Wallerian degeneration occurs after peripheral nerve injury,
which results in a reduction of enzyme activities in the dis-
tal nerve stump, rendering this technique not useful in late
cases.”!

Immunohistochemical Staining

The annexin V and agrin are special substances of sensory
and motor nerves, respectively, and can act as specific anti-
gens for identifying different nerve fascicles. It is a rapid
method with high accuracy. Meng et al*? showed that the
sensory fibers give red fluorescence under light microscopy.
Immunohistochemical staining is complex, requiring tissue
fixation, staining, and microscopic observation of nerve.
Currently, there are no tissue-specific proteins that can be
used as label markers in identifying different nerve fascicles
by immunohistochemistry. Thus, these methods have not
been easily applied to the clinical setting.

Physical methods

Raman spectroscopy was discovered by Sir CV Raman, in
1928, and has been used clinically since 1960. Spectroscopy
can identify different proteins tagged as antigens to sensory
and motor fascicles. Wang et al?®* showed the Annexin V tags
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for sensory and the Agrin tags for motor fascicles with a sen-
sitivity and specificity of 80 to 90%. Raman spectra show
significant differences in the spectral properties, such as the
intensity and breadth of the peak between motor and sen-
sory fascicles. Near infrared reflectance (NIR) spectroscopy
uses variations in the spectral pattern of fascicles. In com-
bination with the cluster analysis, it can differentiate the
two types of fascicles. Xie et al** demonstrated an accuracy
of 87.5% with this technique for differentiating anterior and
posterior roots of cauda equine in dogs. Raman spectros-
copy and NIR spectroscopy are fast methods but inaccurate,
difficult to perform in the operating room, require expensive
equipments, and complex calculations.?

CT activity demonstration is a radioisotope technique for
identification of sensory and motor fascicles.'>?® This tech-
nique requires taking of nerve samples, incubation, and mea-
surement of the CT activity in a scintillation counter which
takes approximately 60 minutes to perform. This method can
be used only within few months of injury.?’

Motor evoked potential (MEP) and somatosensory evoked
potential (SSEP) can differentiate between sensory and motor
fascicles in animals.?®?® In MEP, the stimulation is given at
the C3/C4 region of the cortex and descending orthodromic
nerve action potentials (NAP) can be recorded individually
from the separated sensory and motor fascicles of a nerve.
The differentiation can be made by noting that the NAP
from motor fibers is usually biphasic, short duration, and
3 to 8 times in amplitude than the sensory fibers. However,
this method cannot be used on intact nerve trunks, require
local anesthesia, and are not precise enough to be effective
during surgery.

The ideal technique to differentiate between motor and
sensory fascicles intraoperatively should be rapid, accurate,
noninvasive, applicable to cut as well as intact nerves, useful
in early as well as late cases, and should not require awake
anesthesia which may be inconvenient to patient. Currently,
no technique fulfills these criteria; therefore, many tech-
niques have been tried in vivo as well as in vitro.

The newer methods like quantum dots (QD), diffusion
tensor imaging (DTI), and proteomic methods are poten-
tially feasible methods to differentiate between motor and
sensory fascicles of the peripheral nerve. QD are “artificial
atoms” that possess unique optical properties and emit
fluorescence. QD labeling is rapid and accurate method for
identification of motor and sensory nerve fascicles, especially
during surgery.?

Magnetic resonance imaging, particularly DTI, along with
fiber tracking, can delineate the distal peripheral nerves from
its peripheral terminal branches to the site of the lesion.?*3!
DTI can also visualize the regeneration of axons after an
injury in animal experiments.*> Motor and sensory fasci-
cles in peripheral nerves have unique proteomic profiles.
Comparing the profiles of normal sensory and motor fasci-
cles to those of recently injured fascicles could lead to the
demarcation of specific proteins that may further help in the
identification of motor and sensory fascicles by proteomic
methods. However, none of these methods has been used
clinically for the identification of motor and sensory nerve
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fascicles. More animals and humans studies are required to
find the appropriate biomarkers and to clinically appraise the
exact performance of procedures.

Currently, the most practical method to differentiate sen-
sory and motor fascicles peroperatively is electrophysiology.
Other methods like histochemistry, immunohistochemi-
cal staining, and spectroscopy are, at the moment, research
tools. The newer methods like QD immunostaining and pro-
teomic methods, though promising, still have to prove their
clinical utility.

Conclusion

There are several promising techniques, but no perfect one, to
differentiate the motor and sensory fascicles intraoperatively.
All techniques have their advantages and limitations. Many
of the newer techniques need to be tested in humans before
they can be recommended for regular use; and till then, we
have to rely mainly on peroperative electrical stimulation of
nerve to differentiate between sensory and motor fascicles to
increase the success rate of nerve repair which significantly
improves postoperative functional outcome.
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