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Background: During several anesthesiological proce-
dures, needles are inserted through the skin of a patient
to target nerves. In most cases, the needle traverses
several tissues—skin, subcutaneous adipose tissue,
muscles, nerves, and blood vessels—to reach the target
nerve. A clear identification of the target nerve can
improve the success of the nerve block and reduce the
rate of complications. This may be accomplished with
diffuse reflectance spectroscopy (DRS) which can provide a
quantitative measure of the tissue composition. The goal of
the current study was to further explore the morphological,
biological, chemical, and optical characteristics of the
tissues encountered during needle insertion to improve
future DRS classification algorithms.

Methods: To compare characteristics of nerve tissue
(sciatic nerve) and adipose tissues, the following techni-
ques were used: histology, DRS, absorption spectropho-
tometry, high-resolution magic-angle spinning nuclear
magnetic resonance (HR-MAS NMR) spectroscopy, and
solution 2D '3C-'H heteronuclear single-quantum coher-
ence spectroscopy. Tissues from five human freshly frozen
cadavers were examined.

Results: Histology clearly highlights a higher density of
cellular nuclei, collagen, and cytoplasm in fascicular nerve
tissue (IFAS). IFAS showed lower absorption of light
around 1200nm and 1750 nm, higher absorption around
1500 nm and 2000 nm, and a shift in the peak observed
around 1000nm. DRS measurements showed a higher
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OPTICAL SIGNATURE OF NERVE TISSUE

water percentage and collagen concentration in IFAS and a
lower fat percentage compared to all other tissues. The
scattering parameter (b) was highest in IFAS. The HR-
MAS NMR data showed three extra chemical peak shifts in
IFAS tissue.

Conclusion: Collagen, water, and cellular nuclei concen-
tration are clearly different between nerve fascicular tissue
and other adipose tissue and explain some of the differences
observed in the optical absorption, DRS, and HR-NMR
spectra of these tissues. Some differences observed between
fascicular nerve tissue and adipose tissues cannot yet be
explained but may be helpful in improving the discrimina-
tory capabilities of DRS in anesthesiology procedures.
Lasers Surg. Med. 50:948-960, 2018. © 2018 The Authors.
Lasers in Surgery and Medicine Published by Wiley
Periodicals, Inc.

Key words: nerve fascicle; adipose tissue; HR-MAS
NMR; optical; absorption; diffuse reflectance spectro-
scopy; histology

OBJECTIVES

In surgical and anesthesiological practice, the identifica-
tion of different tissue types is essential. During several
(regional) anesthesia and pain medicine procedures, needles
are inserted through the skin of a patient to target nerves.
Nerves are targeted to anesthetize an operation area and to
treat acute postoperative pain [1]. In most cases, the needle
traverses several tissues—skin, subcutaneous adipose tis-
sue, muscles, nerves, and blood vessels—to reach the target
nerve. A clear identification of the target nerve can improve
success of the nerve block and reduce the rate of complica-
tions [2]. Current localization techniques, which include
ultrasound or X-ray guidance, angiography, aspiration, and
nerve stimulation, help the clinician to guide the needle to the
target but are not without their limitations [2—7]. Ultrasound
with or without nerve stimulation is at the moment the most
appropriate technique used during locoregional anesthesia.
The identification of nerves with ultrasound is highly
dependent on the anatomical knowledge, the skills and
interpretation of the information by the operator, and the
echogenic characteristics of the patient and the nerves [8,9].
In locoregional anesthesia, nerve stimulation is only capable
of identifying the nerve in 74.5% of the cases [10]. Despite the
use of ultrasound, nerve stimulation, and other precautions
during injection, cases of nerve damage are still re-
ported [11-13]. The incidence of complications after locore-
gional anesthesia is 4-6 per 10,000 blocks [14—17]. Patients
and clinicians fear neurological complications, such as leg
weakness or neuropathic pain [18,19]. Even temporary nerve
damage has a major impact on the quality of life of the
patient [20]. Most neurological damage recovers in a year.
However, more serious complications are reported after
interventional pain therapy at the spinal level. Reports of
spinal cord damage, brain infarctions, and death have been
published [19,21-26].

The majority of the complications are due to direct or
indirect damage of the nerves and unintended injection of
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local anesthetics into blood vessels [18,27]. Damage to
more distal parts of a nerve tend to occur less often and are
less severe than damage to more proximal parts [28-30].
One explanation could be that the tissue composition of
peripheral nerves changes proximally to distally. The
nerve root at the foraminal level of the spine is more solid
and consists mostly of one large fascicle [31,32]. Along their
course, the fascicle branches and more connective and
adipose tissue and blood vessels surround the fascicles in
the nerve structure [28,29]. The most vulnerable struc-
tures to needle damage are the nerve fascicles and the
supplying microvessels [16,33].

A clear identification of the tissue in front of the needle tip
may further improve the performance and safety of needle-
based interventions. One such technique that can provide a
quantitative measure of the tissue composition (lipid, water,
blood content, etc.) at the tip of a needle is diffuse reflectance
spectroscopy (DRS) [34,35]. The feasibility of DRS for a
variety of clinical applications has already been re-
ported [36—41]. The basic principle involves delivering light
into tissue with a small optical fiber and collecting reflected
light with another optical fiber after it has undergone
absorption and scattering events within the tissue. Depend-
ing on the presence and concentrations of light-absorbing
molecules in the tissue, the light is absorbed differently,
thus creating a specific fingerprint of the tissue. Prominent
absorbers in biological tissue are hemoglobin, water,
collagen, and lipids [34,35,42,43]. Tissues that contain
different amounts of these absorbers can be discriminated
from each other [44]. In an earlier in vivo study on optical
detection of peripheral nerves, we concluded that differen-
tiation between nerves in a fatty surrounding was
difficult [40,41,45]. In a more recent study in human
cadavers, we found a sensitivity and specificity of 90% for
discrimination of whole nerve tissue from surrounding
tissues [32]. In an in vivo study using DRS during surgery,
peripheral nerves were detected with an sensitivity of 85%
and a specificity of 79% [46]. In another study, nerve tissue
was compared between human and swine, in vivo and ex
vivo, in order to develop alternative validation models for
optical technologies; with wavelengths of 400—1600 nm, a
strong positive correlation was found between the mod-
els [47]. In all these studies, the nerve was considered as one
entity, and we did not account for the various structures
that make up the nerve bundle. Furthermore we used light
in the range of 400—1600 nm.

We recognize though that the nerve is a very heteroge-
neous tissue and in order to detect when the tip of a DRS
needle is inside the nerve, the optical properties of different
nerve components have to be known. This is necessary to
prevent injection of the anesthetic inside the fascicular
nerve tissue. Therefore, one goal of the current work was to
investigate the optical characteristics of fascicular and
non-fascicular nerve tissues. In addition, to better under-
stand the strengths and limitations of DRS in the context of
anesthesiology procedures and in particular for the
prevention of intrafascicular needle placement, it was
our objective as well to improve knowledge of the tissue
composition of tissues surrounding the nerve and along the
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needle trajectory. For instance, when differences are
observed in the optical characteristics of the relevant
tissues, and these can be linked with morphological,
biological and/or chemical characteristics, discriminatory
algorithms for DRS in regional anesthesia procedures
could be improved.

The above-described objectives were formulated in the
form of the following research questions:

1. What are the histological differences between subcuta-
neous fat (SCF), fat close to the sciatic nerve (adnexa/
sliding fat, ADF), sciatic non-fascicular nerve tissue
(NFAS), and sciatic fascicular nerve (IFAS) tissue?

2. What are the optical differences between the four
tissues? Can we explain these differences by the
histological findings?

3. Besides a histological explanation is there also a
molecular explanation (HR-NMR) of the differences?

METHODS

The study was performed in collaboration with the
Department of Anatomy and Embryology and the Depart-
ment of Biochemistry of the Faculty of Health Medicine
and Life Science (Maastricht University, Maastricht), the
Department of Anesthesiology and Pain Medicine (Uni-
versity Hospital of Maastricht), and Philips Research
(Eindhoven), all located in the Netherlands. A handwritten
and signed codicil from each donor, as required by Dutch
law for scientific research and education, is kept at the
Department of Anatomy and Embryology.

To compare characteristics of human nerve tissue and
adipose tissues, the following techniques were used:
histology, DRS, absorption spectrophotometry, high-reso-
lution magic-angle spinning nuclear magnetic resonance
(HR-MAS NMR) spectroscopy, and solution 2D
13C-'H heteronuclear single-quantum coherence (HSQC)
spectroscopy. The reasoning for using these methods was
as follows: our group has incorporated DRS into anesthe-
siology needles to differentiate tissues. Differences in the
optical properties of the tissues form the basis of the
discriminating abilities of DRS. These optical properties,
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namely absorption and scattering coefficients, must be
derived from the DRS spectra. This can be done with
various techniques (we use an analytical model developed
by Farrell et al. [48]) but requires a number of assumptions
to be made, especially about the absorbers that are present
in the tissue. Therefore, if there are unknown absorbers in
the tissue, the results obtained from the DRS measure-
ments may be less accurate.

A spectrophotometer can be used to determine the
absorption and scattering coefficients of the tissue directly
without making assumptions regarding the fiber measure-
ment geometry or the absorbers in the tissue. Additionally,
a larger wavelength range can be explored which may
show other differences between tissue types that typical
DRS systems are not capable of sensing.

Histology was employed in this study to examine the
tissues on a microscopic level. By using various staining
techniques, the presence of certain cellular structures was
investigated to explore if differences observed between the
tissue types could be explained by morphological/cellular
differences.

HR-MAS NMR and HSQC spectroscopy methods can be
used to determine physical and chemical properties of
organic molecules (such as proteins and nucleic acids). The
methods were employed in this study to explore if
differences between the tissue types could be related to
certain molecular/chemical differences.

Details of the different methods are described below.

Sample Size and Statistical Analysis

To our knowledge, no comparable studies have been
reported. Due to the exploratory nature of the study, no
input data for a power analysis were available. The study is
a qualitative study aiming at investigating trends in the
data. We therefore decided to only use descriptive statistics
and indicate where possible confidence intervals and
standard deviations.

Anatomy-Histology

Anatomy. Tissues from five human freshly frozen
cadavers were examined. None of the individuals died

TABLE 1. Overview of the Cadavers Included With Patient Characteristics and the Measurements Performed

HNMR,Measurements
Cadaver #/ sex/age in Date tissue DRS Absorption
years extracted measurements measurements HR-MAS NMR/ 2D ¥C-'H HSQC
1/Female/76 November 2014 — SCF, ADF, NFAS, — —
IFAS

2/Male/78 November 2014 SCF, ADF, NFAS, SCF, ADF, NFAS, SCF, ADF, NFAS, —

IFAS IFAS IFAS
3/Male/86 November 2014 SCF, ADF, NFAS, SCF, ADF, NFAS, SCF, ADF, NFAS, SCF, ADF, NFAS,

IFAS IFAS IFAS IFAS
4/Female/91 August 2015 SCF, NFAS, IFAS — — IFAS
5/Female/86 August 2015 SCF, NFAS, IFAS — — —

SCF, subcutaneous fat; adnexa/sliding fat, ADF, fat close to sciatic nerve; IFAS, sciatic fascicular nerve tissue; NFAS, sciatic non-

fascicular nerve tissue.
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due to a neurological disease. Table 1 provides an overview
of the cadavers and the measurements performed on each
sample. Certain measurement techniques were not avail-
able for all tissue samples.

As a target region, the sciatic nerve was chosen because
of its size. In the upper leg, samples of subcutaneous fat
(SCF), fat close to the sciatic nerve (adnexa / sliding fat,
ADF), sciatic fascicular nerve (IFAS) tissue, and sciatic
non-fascicular nerve (NFAS) tissue were dissected. Adi-
pose tissue is composed of collagen and adipocytes filled
with fat droplets; adipose tissue is referred to as fat in the
text below [47]. Figure 1 shows an anatomical drawing of
the sciatic nerve, including descriptions of the different
structures that make up the nerve bundle. The figure also
shows a bifurcated sciatic nerve and the fascicles micro-
scopically dissected from the nerve bundle.

Fat samples were collected macroscopically. Three SCF
and ADF samples with a volume of 2ml per cadaver and a
piece for cross-sectional histology were saved. For the
collection of 2ml of fascicular and non-fascicular nerve
tissue, a microscope was used. Immediately after prepara-
tion of the samples, samples were frozen (liquid nitrogen,
—196°C and stored at —20°C) or fixed (4% neutral-buffered
formaldehyde for 24 hours).

Histology. Two different staining techniques were used
to differentiate between the different tissue compositions:
Mayer’s hematoxylin and eosin stain (H&E stain) to color cell
nuclei blue and cytoplasm pink; [49] osmium tetroxide (OsO,)
to color lipids black [50]. Parts of the samples containing fat
were post-fixed in 1% OsO, in phosphate-buffered saline
(PBS), pH 7.4; the other samples were fixed in 4% neutral-
buffered formaldehyde. After de-paraffinization, they were
stained according to the selected staining protocol [51].
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The fixed and post-fixed tissues were embedded sepa-
rately in paraffin. Then, 4-pm-thick histological sections of
the sciatic nerve and IFAS tissue and 7-pm-thick sections
of the other tissues were cut on a Leica 2245 microtome.
The sciatic nerve and IFAS tissues were cut transversely;
the ADF, SCF, and NFAS tissues were cut in a direction
suitable to obtain a large tissue area.

Optical Data Collection

Absorption spectrophotometry. The tissues were
removed from the freezer and brought to room tempera-
ture. For each type of tissue, a 1-mm cuvette was filled,
while keeping the tissue homogenous throughout the
length of the cuvette.

A Perkin Elmer spectrophotometer with a single
integrating sphere was used to measure the total
transmittance, collimated transmittance, and diffuse
reflectance of each sample (300-2300 nm). The spectro-
photometer was 0% and 100% background-corrected before
any measurements. A stray light measurement was also
taken to correct the diffuse reflectance spectra; this
accounts for any light that might be scattered within the
integrating sphere prior to reaching the sample itself. The
measured reflectance (R,..s) was corrected with known
Spectralon data (R;g0) and the stray light (Ry) measure-
ment. Diffuse reflectance was therefore defined as:

R, — RIOO (Rmeas - RO)
¢ 100 — Ry

Collimated transmittance (T.) and total transmittance
(T;) measurements were used to calculate the diffuse

ScN

Fig. 1. (A) Anatomical drawing of a cross-section of a nerve: (1) subcutaneous adipose tissue, (2)
adnex adipose tissue (sliding fat), (3) non-fascicular nerve tissue and epineurium, (4) blood vessel,
and (5) fascicular nerve tissue and perineurium. (B) Part of a sciatic nerve with bifurcation to the
tibial (TN) and peroneal (PN) nerve. (C)Fascicles of a sciatic nerve with surrounding epineurium D:

Fascicles without epineurium.
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transmittance (T;):

Tq=T,—T.

The Kubelka-Munk equations were then used to calcu-
late the absorption coefficient in units of cm ™! [52].

Diffuse Reflectance Spectroscopy Measurements

Frozen tissue samples were brought to room tempera-
ture and placed in glass cylinders. Ten diffuse reflectance
spectra (400-1600nm) were acquired from the tissue
samples at ~5 different locations with a custom-designed
optical needle and an optical console [53]. The optical
needle had a 0.837-mm distance between the two 200-pm
illumination and collection fibers and was used to relay
light to and from the tissue to the optical console. The
optical console consisted of a broadband light source and
two spectrometers: one to record data in the visible
wavelength range and the other for the near-infrared
wavelengths. The spectra were corrected for daily varia-
tions in optical throughput using a Spectralon calibration
standard. Several models have been described in the
literature to express the intensity of light collected by a
fiber after several scattering and absorption events in a
diffuse medium [54-58]. The model that is used in this
paper is explained in earlier publications and corresponds
to the solution of the diffusion equation for a semi-infinite
medium and is a widely accepted model in the field of
biomedical photonics [48,53,59,60]. The fitting algorithm
in the model utilizes the absorption coefficients of known
tissue absorbers to determine the volume fraction of each
absorbing element in the measured tissue, while taking
into account tissue-scattering characteristics as well. For
the analysis of the data collected for this study, the
following absorbers were included in the fit model:
oxygenated and deoxygenated hemoglobin, methemoglo-
bin, water, fat (using the measured absorption coefficient
of SCF), B-carotene, and collagen. We note that the
collagen absorption spectra were obtained on a relative
scale. Therefore, collagen concentrations will be provided
with arbitrary units. Scattering-related parameters in-
cluded were: Mie scattering (fmie), the Mie slope parame-
ter (b), and the scattering at 800 nm (S800) [32].

HR-MAS and 2D 3C-'H HSQC NMR Data
Acquisition and Processing

'H HR-MAS NMR (high-resolution magic-angle spin-
ning nuclear magnetic resonance) spectra were acquired at
295 K on a Bruker Avance I narrow bore, 600 MHz NMR
spectrometer, equipped with a 14.1 Tesla superconducting
magnet and a 4mm H/'3C HR-MAS probe at a spinning
rate of 6000 Hz. The spectra were obtained under unlocked
conditions. High-resolution NMR spectra of tissue extracts
in deuterated chloroform (CDCls) and dimethyl sulfoxide
(DMSO0-d®) were recorded at 298 K on a Bruker Ascend HD
700 MHz NMR spectrometer, equipped with a cryogeni-
cally cooled Triple Resonance Probe (TCI) probe. Typically,
32128 scans were collected for a 1D proton spectrum
using an inter-scan relaxation delay of 5 seconds.
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At a later stage, a more detailed molecular analysis was
done by acquiring a natural-abundance 2D 3C-'H HSQC
spectrum of selected IFAS tissue extracts, in order to
classify constitutive lipid components. Typically, 2 to 4
scans and 512 increments over a spectral width of
13C 160 ppm were collected.

RESULTS

Anatomy and Histology

The H&E-stained SCF and ADF slides showed large
accumulations of fat cells separated by elongated and
elaborated collagenous connective tissue structures and
blood vessels (Fig. 2).

The H&E-stained cross-sections of the sciatic nerve
showed several nerve fascicles. An outer, loose fibro-
collagenous epineurium containing fat surrounded the
intact nerve. The epineurium continued between the
individual fascicle groups as an inner, inter-fascicular
epineurium, with fat and blood vessels. The perineurium,
consisting of concentric layers of flattened cells and
collagenous connective tissue, surrounding and invading
smaller groups of fascicles, and the endoneurium around
and between groups of axons, were less visible. The
osmium tetroxide (OsO4)-post-fixed cross-sections of the
sciatic nerve showed the latter, more detailed aspects
better, as well as the fat in the inter-fascicular epineurium
and in the myelin sheaths around the myelinated axons
(Fig. 2). The cytoplasm surrounds the cell nuclei (stained
blue in Fig. 2A 4+ C). In the fat cells, the cytoplasm is filled
with (fused) fat vacuoles and forms a thin layer against the
inner side of the cell membrane.

Optical Data

Absorption coefficients. Figure 3 shows the measured
absorption coefficients averaged across three cadavers.
NFAS, SCF, and ADF show many similarities, while IFAS
is most notably different around 1200nm, 1500nm,
1750 nm, and 2000 nm. Additionally, a red shift is observed
in the peak near 1000 nm, which is only seen in the IFAS
tissues.

Diffuse reflectance spectra. Figure 4A shows the DR
spectra for the various measured tissues averaged over all
measurement locations and four cadavers. Overall, little
difference is seen between SCF and ADF. Although NFAS
has a higher intensity, the general shape is similar to the
ADF and SCF spectra. IFAS has the highest intensity; with
differences seen in the slope (reflective of a scattering
difference), around 1000 nm, 1200 nm, and above 1400 nm.

The fit parameters extracted from the spectra can be
seen in Figures 4B—F. Blood and oxygen saturation (StO2)
are highly variable between cadavers and do not show any
trends. Collagen is higher in IFAS compared to NFAS,
ADF, and SCF. The scattering parameters s800 and fmie
show little trends, while scattering slope (b) does appear
higher in IFAS compared to the others. Fat is lowest in
IFAS, with comparable values between the other tissues,
while water shows the opposite trend. No trend is seen in
B-carotene.
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N \h;: ST .\

0,5 mm i ~ 0,5 mm

Fig. 2. Histology of (A) SCF stained with H&E, (B) ADF stained with H&E, (C) cross-section of
sciatic nerve stained with H&E, and (D) cross-section of sciatic nerve stained with Osmium
Tetroxide. H&E colors cell nuclei blue and cytoplasm pink, and Osmium Tetroxide colors lipids
black. (1) Collagenous fibers, (2) fat vacuole(s), (3) cytoplasm, (4) nucleus, (5) epineurium, (6)
endoneurium, (7) perineurium, (8) myelin sheet (Schwann cells consisting of nuclei, cytoplasm,
proteins, and lipids), (a) blood vessels, and (b) artifact. SCF, subcutaneous adipose tissue; H&E,
Mayer’s hematoxylin and eosin stain; ADF, adnex adipose tissue.
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Fig. 3. Tissue absorption coefficients measured with a spectrophotometer showing the full
wavelength range and two separate wavelength regions.
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Fig. 4. (A) Diffuse reflectance spectra averaged over multiple sites and cadavers. (B—J) Bar graphs
of the fit parameters extracted from the diffuse reflectance spectra plotted per cadaver and per
tissue type. The bar represents the average of all sites within a cadaver and the black whisker is the
95% confidence interval. IFAS =sciatic fascicular nerve tissue. NFAS =sciatic non-fascicular
nerve, SCF =subcutaneous adipose tissue, ADF =adnex adipose tissue. Units: A, D, G have
arbitrary units. (B) Blood is total hemoglobin fraction under the assumption that full blood contains
150 Hemoglobin mg/ml since 1 = 100% Total Hemoglobin. (C) StO2 is tissue oxygenation fraction 1
represents 100% tissue oxygenation. (E) s800 is in cm ™. (F) fmie is the fraction of Mie over Rayleigh
scattering. (G) b is a dimensionless parameter so we write this as arbitrary units. (H and I) are
percentages. (J) B-carotene is in mM.
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HR-MAS and 2D 3C-'H HSQC NMR Spectroscopy

Samples from cadavers 2 and 3 were studied by HR-MAS
and 2D '3C-'H HSQC NMR spectroscopy. The proton HR-
MAS NMR spectra of all four tissues (IFAS, NFAS, ADF,
and SCF) are shown in Figure 5A and B. Eleven resolved
proton signals are observed; corresponding chemical shifts
and assigned chemical groups of the associated molecules
are listed in Table 2. In order to compare the water content
of the samples, the spectra were normalized on the
intensities of the triglyceride-CHj3 signal. Signals of
triglyceride (signals 1, 2, 4-11) and water (signal 3) can
be distinguished in the spectra of all samples. These were
used to extract the water and lipid content of the different
tissues, for comparison with the estimates of lipid and
water content, based on DR measurements (Fig. 5C and D).

The IFAS spectrum (cadaver 3) contains a few
additional signals (at 3.01, 3.20, and 5.77 ppm), which
indicate the presence of a component comprised of
unsaturated lipid protons (5.77ppm) and a choline
head group moiety (around 3 ppm). A search was done
to identify the extra peaks. 2D 3C-'H HSQC spectra
were recorded to correlate protons to their bound carbon
atoms. 3C chemical shifts span a larger chemical shift
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TABLE 2. Assignment of the 1H-NMR Signals

Signal # Assignment

1 CH of a lipid chain double-bond
2 CHO of glycerol head group

3 H,0

4 CH,0 of glycerol head group

5 CH;O0 of glycerol head group

6 CH;, in between two double-bonds
7 (C=0)CH, (next to ester)

8 CH, next to double-bond

9 (C=0)CH.CH,

10 CH,

11 CHj;

This table presents a detailed overview of the assignment of the 11
identified signals (Fig. 5).

range and are better indicators for the presence of certain
chemical groups. Extraction of IFAS tissue material by
CDCl5-MeOH (2:1v/v) and/or DMSO-d® was carried out
to detect lipid constituents by means of 1D 1H and 2D
130-1H HSQC solution NMR at 700 MHz. These results
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Fig. 5. Results from cadavers 2 and 3. (A and B) HR-NMR results of IFAS, NFAS, ADF, and SCF
(part per million [ppm], recommended exposure limit [rel]). (C and D) Fat and water percentages
extracted from the HR-NMR data and DRS. Mean and 95% confidence interval are presented. IFAS,
sciatic fascicular nerve tissue; NFAS, sciatic non-fascicular nerve; SCF, subcutaneous adipose

tissue; ADF, adnex adipose tissue.
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confirm the triglyceride lipid composition from HR-MAS
NMR but failed to detect the extra peaks of the
unidentified compound (Supplements S1 and S2).
DMSO extracts of pre-washed chloroform/methanol
fractions of IFAS, where abundant apolar triglycerides
are removed from solution, show indeed more polar lipid
compounds in solution that contain resonances with
chemical shifts compatible with the presence of choline
groups (Supplement S1). The assignment of the main
lipid signals is represented in Table 2.

DISCUSSION

Discrimination of nerve fascicles from other surrounding
tissues is essential to prevent possible complications due to
percutaneous needle-based interventional procedures in
anesthesiological practice. In anesthesiological literature,
the ideal needle tip location during a nerve block is a point
of discussion. Some opinion leaders state that it is safe to
put the needle tip in NFAS as long as you do not injure
IFAS [61]. On the other hand it is very difficult to judge
during an ultrasound guided procedure where exactly the
needle tip is. In clinical practice, despite real-time
visualization of the needle tip with ultrasound, needle to
nerve contact or epineurium perforation, cannot be
prevented [62]. Unintentional intraneural injection occurs
at an incidence rate of 16.3% for the ultrasound-guided
subgluteal approach to the sciatic nerve [63]. Therefore,
the concept of identifying tissue types in front of the needle
during the procedure is very interesting for all kinds of
percutaneous needle based procedures, especially those
performed in anesthesiological practice.

Previous studies have shown that DRS can differentiate
between adipose tissue, muscle, and blood [32,38-41,45].
Our previous ex vivo DRS study demonstrated a sensitivity
and specificity of 90% in discriminating whole nerve tissue
compared to surrounding tissue [32]. The aim of the
current study was to investigate the basis for the difference
between the DRS data of IFAS and surrounding tissues, by
using histology, optical absorption measurements, DRS,
and H-NMR and comparing the results. We chose the
sciatic nerve because of its size and sufficient surrounding
adipose tissue.
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In the DRS spectra we found unique signatures in IFAS,
which we further investigated trying to describe these
signatures down to the molecular level. Table 3 provides an
overview of the main differences between IFAS and the
other tissues, as observed with the various measurement
techniques. Here, we summarize the findings:

Histology clearly highlights a higher density of cellular
nuclei, collagen, and cytoplasm (consisting of >80% water)
in IFAS tissue (Fig. 2).

Optical absorption measurements also showed clear
differences between IFAS and the other tissues: compared
to the other tissues, IFAS showed lower absorption around
1200 nm and 1750 nm, higher absorption around 1500 nm
and 2000nm, and a shift in the peak observed around
1000 nm.

The estimates of chromophore concentrations and
scattering parameters based on the DRS measurements
showed a higher water percentage in IFAS and a lower fat
percentage compared to all other tissues. Also, the collagen
concentration appeared higher in IFAS compared to ADF
and SCF. The scattering parameter (b) related to Mie
scattering was highest in IFAS.

Finally, the HR-MAS NMR data showed three extra
chemical peak shifts in IFAS tissue (3.0-3.2, 3.4, and
5.7-5.8 ppm). Estimates of the water and lipid content
based on the HR-MAS NMR data indicated a high water and
low lipid content in IFAS and vice versa for the other tissues.

When comparing the observations from the different
methods, consistencies are observed:

Estimates of the water and lipid contents appear
consistent for DRS and HR-NMR and are confirmed by
histology. Also, the differences in optical absorption can
probably be explained by this: the shape difference around
1200 nm is likely due to a lack of fatty tissue in the IFAS
sample.

The collagen content estimated from DRS is highest in
IFAS, which is confirmed by histology, as well. Then,
looking again at the optical absorption, the lower absorp-
tion in IFAS>1400nm is likely caused by increased
absorption by water and collagen.

Scattering is related to refractive index changes present
in the tissue—that is, to the inhomogeneity of the tissue on

TABLE 3. Overview of the Differences in Histology, Optical, and HR-MAS NMR Data Between SCF, ADF, NFAS,

and IFAS
Measurement IFAS versus NFAS, ADF, SCF
Histology Fat Water Collagen/Small cellular structures Unknown
| Fat concentration ]Cytoplasm (= water) TDensity of cell nuclei
TMyelin
TCollagen
Absorption 11200 and 1750 nm 11300-1600 11300-1600 Peak shift 900-1000 nm
11900-2200 nm
DRS | Fat (%) 1T H20 (%) 1Scattering parameter (b) TCollagen
concentration
HR-NMR MAS | Lipid content 1 Water content Extra chemical peak shifts 3.0-3.2,

3.4, 5.7-5.8 ppm
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a sub wavelength scale. The high scattering parameter (b)
observed by DRS in IFAS may therefore be related to
inhomogeneity in the refractive index of IFAS tissue
structures of a scale of 100—200 nm.

Other observations that are not easily explained
include: the 1000-nm dip present most prominently in
the DRS spectra of IFAS occurs at the same wavelength
as the shifted optical absorption curve. This could be an
OH overtone; the fact that this shift is observed in IFAS
could be consistent with the higher water content in
that tissue. However, the shift may be attributed to
some other substance, like special myelin proteins only
found in IFAS tissue [64,65]. The increased optical
absorption between 1600 and 2300 nm is also not clearly
explained but may be related to a CH combination
band [66]. Also, the additional peaks observed in HR-
NMR could not be directly related to the other
measurements.

No significant inconsistencies between the findings from
the different methods were observed.

Additional studies were performed to find an explana-
tion for the additional peaks in the HR-NMR measure-
ments. We suspected sphingomyelin to be the cause of
these additional peaks, because it is a lipid found mainly in
cell membranes of peripheral nerves, especially in the
membranous myelin sheath that surrounds nerve
cell [65,67]. Additionally, the myelin sheath of a peripheral
nerve consists of typical proteins, like Py (>50% of the
proteins), P, protein- 22, and 40% of water [65].

HR-MAS NMR was performed on pure cholesterol and
sphingomyelin from chicken egg yolk (Sigma—Aldrich,
Product Number S0756, white powder,>95% purity).
Optical absorption and DRS measurements were per-
formed in the sphingomyelin material. However, the
results of those measurements failed to explain the
additional HR-MAS NMR peaks in IFAS: the extra peaks
in the HR-MAS NMR spectra do not match with the
spectrum of pure cholesterol or sphingomyelin. Also, the
DRS and absorption measurements of sphingomyelin did
not show the same shifts and peaks as IFAS.

The extra search for molecular identification of the extra
peak shifts by 2D '3C-'H HSQC confirmed the triglyceride
lipid composition from HR-MAS NMR but failed to clearly
explain the extra peaks of the unidentified compound
(Supplements S1 and S2).

One possible explanation why we were not able to finally
clarify the role of sphingomyelin is that sphingomyelin is
strongly bound to the protein matrix inside nerve tissue
and is therefore difficult to extract and dissolve [65]. We
further note that ex vivo human protein-bound sphingo-
myelin and the sphingomyelin of chicken yolk are
molecularly different; so, the used material might not
have been the best to test the hypothesis. However, no
alternative materials were readily available.

Comparing these results with the results of Hendriks
et al. and Langhout et al., the differences in collagen,
water, scattering, and fat were similar. This study did not
find differences in B-carotene [32,46]. This may be due to
individual differences between the cadavers, such as diet
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and percentage of subcutaneous fat, which influences
B-carotene percentage.

This study expanded the optical database of the DRS of
different human tissues. Optical data of blood, muscle,
and fat are already well described [36—41,53,59]. The
former in vivo studies used a spectrum from 500 to
1600nm. This study demonstrates that it could be
interesting to use a wider range to discriminate IFAS.
A study performed by Schols et al. used DRS up to
1830 nm in an in vivo setting to differentiate adipose from
nerve tissue [68]. Stelzle et al. reported optical nerve
detection by DRS in pigs (ex vivo). They could differenti-
ate between nerve tissue derived from bone and from
salivary glands with a sensitivity of approximately 83%
and a specificity of 78%. They used wavelengths ranging
from 350 to 650nm. Stelzle et al. did not focus on the
differentiation of nerve tissue and adipose tissue [69].

There are some limitations to the work presented here
that should be noted. First, the sample size is very
limited. The results shown above focus on qualitative
differences between the tissue types and the various
methods to assess the biological, morphological, chemical
and optical differences. For a quantitative assessment of
the differences between the tissues and the correlation of
DRS and HR-MAS-NMR or histology, many more
samples are required.

Second, for the absorption spectrophotometry measure-
ments, the Kubelka-Munk method was used to extract the
absorption spectra from the measured transmittance and
reflectance. For these measurements, it was challenging to
keep the tissue homogeneous throughout the length of the
measurement cuvette. This inhomogeneity likely explains
some of the variability seen in the data. The exact same
tissue could not be compared for all cadavers and all
measurement types. Up to now, it is unclear what effects
freezing, thawing, and re-freezing the tissue had on the
DRS and optical absorption measurements. Additionally,
the absorption coefficients can be calculated with alterna-
tive methods [52,54], such as inverse Monte Carlo or
inverse adding-doubling, which are considered more
accurate but also have their own limitations, like
a priori knowledge of the absorbers present in the tissue
samples or integrating sphere parameters. For the
qualitative analysis presented here, we believe that the
choice of method has not influenced our conclusions. For
future, quantitative, assessments, more robust methods
should be utilized.

Third, related to the DRS measurements, we note that
the exact values of the chromophore concentrations
obtained using the Farrell method are probably over-
estimated [48]. This is caused by the short distance
between the source and detection fibers present in the
needles; due to the short distance, the diffusion approxi-
mation used by the Farrell model is most likely not
strictly valid. We have investigated the effect of the short
distances by comparing results obtained with the diffu-
sion approximation fitting with Monte Carlo calcula-
tions [70]. From those investigations, we have found that
fit results using the diffusion approximation result in
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overestimation of the chromophore concentrations. We
believe that this limitation does not impact the con-
clusions of this study, since we are investigating and
comparing trends in the data between the different tissue
types. Additionally, the percentages of fat and water
between the DRS and HR-MAS-NMR measurements
result in very similar percentages. DRS also has
limitations with respect to its chemical specificity.
Another spectroscopic technique such as Raman spec-
troscopy has a much higher molecular specificity,
however, at the cost of lower signal levels. The combina-
tion of Raman spectroscopy and HR-MAS-NMR as used
to study vibrational assignments in food, agriculture and
chemistry could possibly yield more insights when
applied to IFAS [71,72].

CONCLUSIONS

Histology, DRS spectra, light absorption, and HR-MAS
NMR spectroscopy showed clear differences between
fascicular nerve tissue and adipose tissues in an ex vivo
human setting (Table 3). Collagen, water, fat, and cellular
nuclei concentration might explain the majority of differ-
ences between nerve fascicular tissue and the other
tissues. However, there may be other morphological,
biological, or chemical differences that can also be used
to differentiate fascicular tissue. The extra peaks observed
in the absorption spectra and the HR-MAS NMR spectra of
the IFAS samples may be additional differentiators;
unfortunately though, we have not been able to identify
the nature of these differences and further investigation in
future studies is necessary. Honing in on these known and
unknown differences can potentially improve the discrim-
inatory capabilities of DRS incorporated in an anesthesi-
ology needle, thereby changing clinical practice by giving
live feedback during the procedure of the tissue character-
istics in front of the needle.
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