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Optical Biopsy of Peripheral Nerve Using Confocal
Laser Endomicroscopy: A New Tool for Nerve
Surgeons?

Christopher S Crowe', Joseph C Liao?, Catherine M Curtin'
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Peripheral nerve injuries remain a challenge for reconstructive surgeons with many patients
obtaining suboptimal results. Understanding the level of injury is imperative for successful
repair. Current methods for distinguishing healthy from damaged nerve are time consuming
and possess limited efficacy. Confocal laser endomicroscopy (CLE) is an emerging optical biopsy
technology that enables dynamic, high resolution, sub-surface imaging of live tissue. Porcine
sciatic nerve was either left undamaged or briefly clamped to simulate injury. Diluted
fluorescein was applied topically to the nerve. CLE imaging was performed by direct contact of
the probe with nerve tissue. Images representative of both damaged and undamaged nerve
fibers were collected and compared to routine H&E histology. Optical biopsy of undamaged
nerve revealed bands of longitudinal nerve fibers, distinct from surrounding adipose and
connective tissue. When damaged, these bands appear truncated and terminate in blebs of
opacity. H&E staining revealed similar features in damaged nerve fibers. These results prompt
development of a protocol for imaging peripheral nerves intraoperatively. To this end,
improving surgeons' ability to understand the level of injury through real-time imaging will
allow for faster and more informed operative decisions than the current standard permits.
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Recovery after nerve repair can be influenced by the duration

of injury, patient factors, and type of injury [2]. One critical

Peripheral nerve injuries present a considerable challenge for re-
constructive surgeons. Great strides have been made over the
last thirty years, improving both our understanding of the biolo-
gy of nerve regeneration and surgical repair techniques. Yet
there are still obstacles to overcome with far too many patients
still experiencing permanent loss of function despite aggressive

treatment [1].

component for optimizing outcomes is the surgeon’s under-
standing of the extent of nerve injury. When a patient presents
with a stretch nerve injury, for example, it can be difficult for the
surgeon to delineate where the injured nerve ends and healthy
nerve begins. The injured area is regularly surrounded by scar,
making the assessment of how well axons are regenerating a

challenging task. Currently surgeons use a combination of phys-

Copyright © 2015 The Korean Society of Plastic and Reconstructive Surgeons

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/
licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. | WWW.e-aps.org

626



Vol. 42 [ No. 5 [ September 2015

ical exam, electro-diagnostics, and intraoperative monitoring
before deciding the correct operative intervention. Neverthe-
less, the surgeon still needs to use clinical judgment and maneu-
vers, such as slicing the nerve sequentially like a loaf of bread
until healthy-appearing axons are encountered. Another tool to
identify the level of intact axons could reduce the uncertainty

about when, where and what to nerve graft.

Confocal laser endomicroscopy (CLE) is an optical biopsy
technology that enables dynamic, high resolution, sub-surface
imaging of live tissue [3]. An imaging probe, which emits a low-
power 488 nm laser, is held in direct contact with the surface of
the tissue for image acquisition. Fluorescein, a Food and Drug
Administration approved drug, is used as the contrast agent and
can be safely administered either intravenously or topically.
Probes with varying diameters (0.8S to 2.6 mm) and optical
specifications are available. The technology has been applied
endoscopically in gastroenterology to detect areas of dysplasia
in the colon [4-6], stomach [7,8], and esophagus [9-11]. An ad-
ditional application is found in urology, in which CLE is used to
image bladder cancer during cystoscopy [12]. The goal of this
pilot study is to assess the feasibility of CLE to image the inter-
nal architecture of nerve in a tissue-preserving manner.

Fresh porcine sciatic nerve was obtained commercially (inno-
vative technologies) and sectioned into segments approximately
1.5 cm in length and 0.5 cm in diameter. For the purposes of
distinguishing damaged from undamaged nerve fibers, a straight
S-inch Halsted mosquito was clamped over nerve and locked
for 30 seconds. Subsequently, a 0.05% solution of fluorescein
was topically applied to the surface of the both damaged and
undamaged nerve using a cotton-tipped swab. After 6-minute
incubation, the nerve was rinsed with 15 mL normal saline. CLE
was performed using a 2.6-mm diameter fiber-optic imaging
probe (Cellvizio, Mauna Kea Technologies Inc., Suwanee, GA,
USA) with the following optical specifications: spatial resolu-
tion 1 pm, field of view 240 pym, depth of view 60 pm, and opti-
cal slice thickness 10 pm. For image acquisition, the imaging
probe was held in direct en face contact with the tissue (Fig. 1).
While the depth of view is fixed, different optical sections may
be obtained by varying the pressure of the probe against the sur-
face of the nerve. Images were recorded as video sequences at
30 frames per second. For image processing and editing, Cell-
vizio software was used. After imaging, the nerve was fixed and
standard hematoxylin and eosin (H&E) histology was perform-
ed (Histotec). Representative confocal images were compared

with histopathology.

Archives of Plastic Surgery AP S

Direct application of the imaging probe to tissue allows for dynam-
ic, real time visualization of internal, sub-surface architecture. CLE,
confocal laser endomicroscopy.

Fig. 2A depicts a representative ex vivo image of undamaged
porcine sciatic nerve showing longitudinal thin dark bands con-
sistent with nerve fibers. Corresponding H&E histology shows
the similar banding pattern of the nerve tissue (Fig. 2D). Un-
damaged nerve was successfully distinguished from damaged
nerve fibers. Clamped nerve segments displayed disrupted fas-
cicles (Fig. 2B), which prematurely terminate into areas of opac-
ity. These regions likely represent areas of pocketing due to the
application of the clamp, allowing blebs of fluorescein to accu-
mulate within nerve tissue. Corresponding histology shows a
similar disruption of nerve fascicles (Fig. 2E). Longitudinal
nerve fibers were also distinct from surrounding adipocytes,
characterized by large ovoid cells with abundant cytoplasm (Fig.
2C), similar to our previous in vivo imaging findings of adipo-
cytes in humans [11]. Corresponding H&E histology for adipo-
cytes (Fig. 2F) is also shown for comparison.

The reconstructive nerve surgeon is charged with three primary
tasks when evaluating a patient who presents with a nerve inju-
ry. The first is to assess the location, severity, and extent of neu-
ronal damage. The second is deciding if and when to bring the
patient to the operating theater for nerve repair. Lastly, if surgery
is warranted, the nerve surgeon must decide which treatment
best fits the injury. This task relies on intraoperative assessment
and would benefit from a new innovation to visualize the micro-
architecture of peripheral nerve.

Success of nerve surgery is dependent upon the surgeon find-
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Using CLE, parallel nerve fascicles can be observed in undamaged specimens (A), appearing distinct from the disrupted fascicles of damaged nerve
that terminate in areas marked by increased opacity (red arrows) (B), and surrounding adipose tissue (C). Corresponding H&E histology is shown for
comparison (D, E, F) with similar disruption of fascicular continuity (red arrows) in damaged nerve (D) (H&E, x 400). CLE, confocal laser endomi-

Croscopy.
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ing and removing damaged nerve until the “zone of injury” be-
comes well defined. This remains a challenging undertaking, es-
pecially in cases of crush and avulsion injuries. Reconstructive
nerve surgeons aim to resect as little tissue as possible while still
achieving coaptation between healthy nerve fibers. In current
practice, no tissue-preserving methods for determining the loca-
tion of healthy tissue exist as an adjunct to progressive resection.
This pilot study demonstrates the feasibility of CLE for distin-
guishing damaged from undamaged porcine nerve tissue with
discernible features comparable to standard histology.

CLE has already found surgical utility for the purposes of visu-
alizing and demarcating areas of gastroenterologic and urologic
dysplasia. Monitoring systems are portable and can readily be
employed in the operating theater. Probe tips are compact and
flexible, capable of fitting through even the smallest incisions.
Probes can be sterilized in the usual fashion and reused multiple
times without affecting resolution.

CLE could readily be incorporated into the current standard
treatment protocol for nerve repair without significantly pro-
longing operative time. Once proper exposure of the damaged
nerve is achieved, fluorescein would be applied directly while
turther dissection is pursued. After a brief incubation period,
the nerve would be rinsed with normal saline. The sterile probe
tip would then be applied directly to the nerve and real-time im-
age would be generated. These images could help the surgeon
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delineate healthy and injured fibers prior to resection.

Our next step is to perform CLE intraoperatively, evaluating
the ability of CLE to distinguish healthy from injured nerve in
patients. Our hope is that by improving surgeons’ ability to un-
derstand the level of injury through real-time imaging, faster and
more informed operative decisions could be made than the cur-
rent standard permits. The clear benefit of imaging with CLE is
that it can be performed concurrently with routine diagnostics
without lengthening a procedure or placing the patient at addi-
tional risk.

As more studies proving the efficacy of CLE emerge in a vari-
ety of surgical disciplines, it becomes likely that even smaller
medical centers will find the equipment cost effective. The de-
vice only has to be purchased once, and additional probes can
be used for a range of different diagnostic purposes. We are opti-
mistic that advancements in peripheral nerve imaging will trans-

late into better care for trauma patients recovering from nerve

injury.
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