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Abstract

The measurement of birefringence varia-

tions related to nerve activity is a promising

label-free technique for sensing compound

neural action potentials (CNAPs). While

widely applied in crustaceans, little is

known about its efficiency on mammal peripheral nerves. In this work, birefrin-

gence recordings to detect CNAPs, and Stokes parameters measurements were

performed in rat and lobster nerves. While single-trial detection of nerve activity

in crustaceans was achieved successfully, no optical signal was detected in rats,

even after extensive signal filtering and averaging. The Stokes parameters showed

that a high degree of polarization of light is maintained in lobster sample, whereas

an almost complete light depolarization occurs in rat nerve. Our results indicate

that depolarization itself is not sufficient to explain the absence of birefringence

signals in rats. We hypothesize that this absence comes from the myelin sheets,

which constraint the birefringence changes to only take place at the nodes of

Ranvier.
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1 | INTRODUCTION

Neurostimulation is one of the fastest-growing areas of
medicine that has been approved for the treatment of
several debilitating conditions, including refractory epi-
lepsy [1], chronic pain [2], Parkinson's disease [3],
depression [4], gastroparesis, [5] and tremors [6]. More-
over, this method is still under investigation for other
pathologies, such as obesity [7], migraine [8] and heart
failure [9].

The monitoring of nerve activity as a marker for these
disorders has grown in importance. Electrical recording is
still the traditional technique for acquiring compound neu-
ral action potentials (CNAPs). This approach has, however,
several limitations. High-density microelectrodes arrays
located on the surface of neural tissues have a spatial reso-
lution limited by the number and spacing of electrodes
[10]. Moreover, mechanical strains at the tissue-electrode
interface might cause inflammation and neural degenera-
tion [11]. This also leads to mechanical damages of the
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electrodes, resulting in a loss of the recording sensitivity
[11]. Penetrating electrodes are not suitable for clinical
applications due to their invasiveness [12]. In implanted
electrostimulators, the metallic leads and electrodes have
the major drawback of being incompatible with magnetic
resonance imaging because of their sensitivity to the mag-
netic field and the induction heat production [13].

A possible alternative solution to overcome these lim-
itations is optical sensing. Several methods are currently
available for optical monitoring of CNAPs. Some of these
techniques use dyes [14–17]. However, these are not suit-
able for use in clinical applications. Alternatively, there
are label-free methods such as light scattering [18], bire-
fringence [19], infrared spectroscopy [20], laser interfero-
metric microscopy, [21] and optical coherence
tomography (OCT) [22]. They are based on the detection
of fast intrinsic optic signals (IOS) variations related with
nerve activity. In this context, IOS are the result of optical
properties alterations caused by cellular swelling and
structure conformation changes such as the reorientation
of membrane proteins and phospholipids [10, 12, 19, 23].

Methods relying on birefringence changes related to
nerve activity have been extensively studied on crustacean
nerves, with ex-vivo birefringence measurements per-
formed in lobster [10, 12, 19, 23], squid [24], crayfish [19]
and crabs [24]. In these nerves, they provide a large optical
signal for CNAP detection, allowing single-trial measure-
ments. On the contrary, there are very few studies in
mammals, while they would be valuable for translational
research. Such methods have only been implemented in
mouse brain dendrites [25] and, tentatively, in mice sciatic
nerves [26]. Mammal peripheral nerves differ from crusta-
cean ones in terms of myelination as well as number and
diameter of axons [27–30]. These features increase light
scattering (Figure 1), which could reduce the effectiveness
of birefringence-based methods [23].

When absorption is negligible, the transport mean
free path (TMFP) coincides with the distance over which

photons have lost their initial direction of propagation
because of multiple scattering events. It is then given by
TMFP = 1/μs0, where μs

0 is the reduced scattering coeffi-
cient. In addition to reducing the transmitted power, scat-
tering also leads to depolarization [31, 32]. It has been
shown by Xu and Alfano that the light isotropization and
linear depolarization occur on the same characteristic
length [32]. Moreover, they showed that this length is
greater than the TMFP and, for large Mie scatterers, is of
the order of 1–1.5 � TMFP. In studies conducted on cats,
monkeys and humans, the white matter of the spinal
cord (a tissue built up almost entirely of highly organized
myelinated nerve fibers), and TMFP values were reported
in the range (0.28–0.64 mm) [33, 34]. Considering that
rat sciatic nerves have a similar constitution and
organization to the white matter of the spinal cord, the
TMFP could thus be smaller than their diameter. This is
in line with the 0.2–0.3 mm penetration depth reported
for polarization sensitive OCT images of rat sciatic
nerves [35].

In the present study, we performed ex vivo birefrin-
gence recordings in transmission mode to detect CNAPs,
both in lobster nerves and rat sciatic nerves. Stokes param-
eters were also measured at the same location to analyse
the state of polarization of the output light in the nerve
resting state. Employing the Stokes-Mueller formalism, we
linked the cross-polarized signal to the retardance change
during the CNAP and derived the signal-to-noise ratio
(SNR). We determined to what extent, light depolarization
could prevent optical monitoring of CNAPs, both in
unmyelinated and myelinated nerves.

2 | MATERIALS AND METHODS

All ex vivo experiments were performed at the Opera pho-
tonics Laboratory, Universitélibre de Bruxelles (ULB),
Belgium. The surgery in rats was conducted at the

FIGURE 1 (A) Lobster walking

leg nerve. (B) Rat sciatic nerve, main

trunk. Both samples have the same

thickness (≈0.9 mm). The 1 mm

diameter pinhole over which the

nerves are placed can be seen as a

white dot in A (white arrow), thanks

to the relative transparency of the

crustacean sample. This is not the

case in (B), due to the opacity of the

nerve
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Institute of Neuroscience, Université Catholique de Lou-
vain (UCL), Belgium, which has access to an animal care
facility accredited by the Animal Care Service of the Fed-
eral Public Department. This work fully complies with a
protocol (2019/UCL/MD/007) approved by the ethics com-
mittee for animal experimentation at UCL, in agreement
with the ETS 123 European Convention.

2.1 | Nerve dissection and preparation

Nerves from lobster Homarus Gammarus claws, first and
second rostral legs were removed using the Furusawa
pull-out technique [36]. The nerve edges were tied using
a piece of a suture thread to allow a gentle handle of the
sample. It also prevents any cytoplasm leakage and elec-
trical shunts between the intracellular and extracellular
compartments, affecting CNAPs generation. After the
removal, the nerve was immersed in Homarus Ringer's
solution (523 mM NaCl, 5 mM Glucose, 13.3 mM KCl,
12.4 mM CaCl2 and 24.8 mM MgCl2, pH 7) at 4�C [12],
during 10–15 min. Male Wistar rat sciatic nerves were
dissected following the procedures described in Cury
et al. [37]. We paid special attention to remove all the
connective tissue surrounding the sample in order to
avoid scattering from other tissues than the nerve. After
the nerve had been tied at each extremity, it was left to
recover at room temperature for about 20 minutes in
Hepes-buffered oxygenated Krebs Ringer solution
(140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
5.5 mM HEPES, 11 mM D-glucose, pH 7.3, Fisher Scien-
tific, Belgium) gassed with pure oxygen (3 L/min during
120 minutes) before the start of recordings.

2.2 | Experimental setup

The setup is made of five main blocks: (i) a nerve cham-
ber (NC) coupled to an optical setup for measuring
CNAPs, (ii) an incoherent light source, (iii) an electrical
channel for electrical stimulation and recording, (iv) an
optical channel with a photodiode (PD) in a transimpe-
dance amplifier followed by two amplifier stages, each
with a bandpass filter to limit the noise, and (v) a digital-
to-analog converter to record the signal from the electri-
cal and the optical channels.

2.2.1 | NC and electrodes position

The NC was designed in Solidworks 2020 (Solidworks
Corp., USA) and built from a photopolymer resin using a
3D printer (Objet Eden260VS, Stratasys). Figure 2 shows

the printed NC. The chamber can hold nerves of different
thicknesses and lengths. In the middle of the NC is a cir-
cular section that slots over a stainless steel plate with a
precisely cut pinhole of 0.5 or 1 mm diameter (P500D or
P1000K, Thorlabs, Germany) to constrain the light beam
to a well-defined diameter. For electrical stimulation and
recording of CNAPs, five electrodes, hosted in grooves,
were used (99.99% silver wire, diameter 250 μm, Sigma
Aldrich, Belgium). Two of them for stimulation (anode
and cathode) and the remaining three for recording
(GND: ground, CNAP+ and CNAP�). The distance
between the electrodes of the same group ranged from
1.4 to 3 mm. For lobster nerves, the distance between
cathode and CNAP+ was 30 mm. For rat sciatic nerves,
this value was 25 mm.

2.2.2 | Electrical recording and stimulation

The electrical channel consists of a custom-made
current-controlled stimulator and one amplifier channel.
The stimulator generates biphasic square current pulses
(first negative at the cathode) of 0.1–1 ms then a 10 μs
delay before the recovery pulse of same duration and
amplitude (ranging from 20 to 1000 μA) but opposite
polarity. In experiments, the current amplitude was

FIGURE 2 NC with the stimulation and recording electrodes

placed in the grooves and a lobster nerve (first rostral leg) in the

middle channel. The electrodes distribution is (1) anode,

(2) cathode, (3) GND, (4) CNAP+ and (5) CNAP�. The section of

the sample illuminated and its surroundings (red box) are wet with

Ringer solution
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chosen in the plateau of the recruitment curve to ensure
activation of mostly nerve fibers by the stimulus.

In the recording circuit, the amplifier includes a pre-
amplifier (gain: 100), an amplifier (gain: 26), an isolation
stage (gain: 0.3) and a filtering stage (first-order filter),
with a 10–8000 Hz bandwidth. This channel, when com-
bined with the analog-to-digital converter, is character-
ized by a dynamic range of ±3.46 mV with a resolution of
0.20 μV and a root-mean-square noise of 0.43 μV, all
referred to the input.

2.2.3 | Optical system

A schematic of the optical system is drawn in Figure 3. It
was used to measure both the Stokes parameters of the
light beam after propagation through the sample and the
CNAP induced birefringence signal. The light source is a
high-power LED emitting at 780 nm (SMB1N-780D-02,
Roithner Laser Technik, Austria) powered by a stabilized

current source (HP E3610A, Keysight, USA). The light
beam is first collimated using an aspheric lens (25 mm
diameter, 0.83 numerical aperture, effective focal length
15 mm, NIR coated, Edmund Optics, UK), it then goes
through a high contrast VIS–NIR polarizer (12.5 mm
diameter, Edmund Optics, UK) oriented at +45� with
respect to the longitudinal axis of the nerve. A second
aspheric lens (identical to the first one) focuses the polar-
ized light on the pinhole located in the NC just beneath
the sample. The optical power measured at the output of
the 1 mm (0.5 mm) pinhole was ≈3 mW, (≈0.7 mW).
After the nerve, the light is collected using a third aspheric
lens. Afterwards, the light goes through a second polarizer,
denoted as the analyzer. It is oriented at �45� for measur-
ing the CNAP induced optical change in cross-polarization
configuration. A black PLA slit is placed just after the
third aspheric lens to filter out unwanted reflections on
the edges of the optical mounts in the setup in order to
maintain a high extinction ratio (>1500:1) without sample.
Finally, the light is focused by a lens (LA1576-B-N-BK7,
Thorlabs Inc., Germany) on a PD. Two types of PDs were
used: a S8745-01 (Hamamatsu Photonics, Japan) and a
UDT-555 UV/LN (Osi Optoelectronics, USA).

The Stokes parameters of the light beam crossing the
sample were measured with the same setup and without
moving the sample between experiments (either CNAP
recording or Stokes parameters measurements). To this
end, a quarter waveplate (12.7 mm diameter, 650–1100 nm,
Edmund Optics, UK) was inserted in the setup prior to the
analyzer, and the PD was replaced by a high sensitivity
powermeter (PM100D Thorlabs Inc., Germany).

The optical channel, housed in a metallic box, includes
the PD in a transimpedance circuit (load resistor RL = 100
kΩ), followed by a bandpass amplifier. This amplifier is
made of a first active high pass filter of gain 101 (nonin-
verting configuration) with a low cut off frequency,
flow = 10 Hz, followed by an active low pass filter (nonin-
verting configuration) of gain 11, with fhigh = 890 Hz
(resp. fhigh = 17 kHz) for experiments with lobster (resp.
rat sciatic) nerves. Those high cut-off values were chosen
according to the work of Badrenddine on lobster and mice
sciatic nerves [12, 26]. Because of the higher bandwidth
that might be required for optical measurements in rat sci-
atic nerves, all experiments in these nerves were con-
ducted with the low-noise S8745-01 PD. All the electronics
were powered with 9 V batteries.

2.3 | Experiment protocol

Two kinds of experiments were conducted in six lobster
nerves (claws, first and second rostral legs) and six rat sci-
atic nerves (main trunk of the tibialis nerve and peroneal

FIGURE 3 Schematic of the setup. The optical components are

housed in a vertical cage mount. On top, a metallic box contained

the optical channel: PD, filters and amplifier stages. LED (1).

Collimation lens (2). Polarizer (3). Focusing lens (4). NC with the

pinhole and the grooves for the electrodes (5). Collimation lens (6).

Slit (7). Quarter waveplate (8) inserted in the optical system for the

Stokes parameters measurement. Analyzer (9). Focusing lens (10).

PD (11). Unpolarized light (A). Linear polarization +45� (B).
Elliptical polarization (C). Linear polarization �45� (D)
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branch). The first experiment aims to evaluate in the same
nerve section, the polarization state of light transmitted
during no CNAP and the birefringence signal during the
CNAP propagation. The second experiments evaluates if
the variation in the distribution of the nerve fibers signifi-
cantly changes the output polarization state of the light.
Once the nerve was dissected and adapted in the corre-
sponding Ringer solution, it was placed in the chamber,
covering the pinhole completely. The section being illumi-
nated was wet with Marine Ringer solution, pH 7 and
temperature ≈4�C (lobster) or Ringer Hepes buffered solu-
tion, pH 7.3, room temperature = 18�C–19�C (rat). Then,
an electrical recruitment curve was recorded to assess its
healthiness. Lobster nerves from the first and second ros-
tral legs (thickness 0.60–0.90 mm) were stimulated with
1 ms biphasic current pulses at a rate of 2 Hz. Due to their
larger thickness (1.50–1.60 mm), lobster claw nerves were
excited with 2 ms biphasic pulses. In rat sciatic nerves,
0.1 ms biphasic current pulses were applied at a rate of
2 Hz. In the nerve, two different states were defined: rest-
ing/basal (no CNAP) and dynamic (CNAP).

In the first set of experiments, the measurement of
the Stokes vector and the recording of the birefringence
changes were performed. To this end, the normalized
Stokes parameters of the light after the nerve (for a + 4�

linear input polarization), denoted as Sj ( j = 0, 1, 2, 3),
were measured, following the procedure described by
Schaefer [38]. Then, the cross-polarized signal in the rest-
ing state PR was recorded during 1 second. Next, a train
of electrical stimulation pulses was applied to the nerve
to record the dynamic birefringence signal power change
ΔP. Finally, the Stokes parameters were measured again
to evaluate their evolution over time. During the birefrin-
gence recordings, the healthiness of the sample was
assessed by analyzing, in real time, the amplitude of the
electrical CNAP. Since a visible birefringence response
can be observed in single trial in each lobster nerve, only
50 excitation pulses were applied. In rat sciatic nerves,
stimulation pulses were sent either until there were no
more evoked CNAPs, or up to 500 pulses.

In the second set of experiments, the Stokes vector was
measured three times at three different positions along the
nerve. Before measuring the Stokes vector in a different
area, two 0.1 ms electrical stimulation pulses of 1000 μA
were applied to assess the healthiness of the sample.

2.4 | Data processing

The outputs of the electrical and optical recording channels
were digitized at 200 kHz using a DAQ (6212 USB—16
bits, National Instrument Corp., USA) and processed using
MATLAB R2018 (MathWorks, Natick, USA). The

birefringence signal was quantified as the ratio of the
dynamic power change to the mean resting power (ΔP/PR).
The amplitude of the nerve response signal (electrical and
optical) was obtained by subtracting the mean base line
10 ms before the electrical stimulus onset to the peak signal
amplitude. To improve the SNR, a digital filter Butterworth
third order, flow = 890 Hz (lobster nerves), flow = 17 kHz or
890 Hz (rat sciatic nerves) was applied to the raw data. For
measurements in rat SNs, this was followed by signal aver-
aging over the whole excitation sequence (i.e., up to max
500 stimulation pulses).

3 | STOKES-MUELLER ANALYSIS

3.1 | Modeling of the optical signal

Nerve fibers can basically be considered as long cylinders
with cytoskeletal components such as microtubules and
neurofilaments oriented along the longitudinal axis, with a
membrane made of proteins and lipid molecules oriented
radially [26]. Because of this structure, the optical proper-
ties are different for light polarized along the nerve longitu-
dinal axis or in the transverse plane [39]. This anisotropy
gives rise to birefringence and diattenuation [40]. More-
over, the scattering experienced by light when propagating
in the nerve could lead to light depolarization, a phenome-
non by which an incident beam, initially fully polarized,
becomes partially polarized or even totally unpolarized.

Within the Stokes formalism for representing (par-
tially) polarized light, Muller matrices are used to model
the change of the polarization state between the input and
the output of an optical system [41]. Besides, a Muller
matrix can be decomposed into the product of three
Muller matrices that have a direct physical meaning,
namely a depolarizer (MΔ), a retarder (MR) and a diatte-
nuator (MD) [42]. The polarization state of a beam at the
output of an arbitrary depolarizing optical system, such as
a biological sample, can thus be written as [42, 43]:

Sout ¼MSin ¼MΔMRMDSin, ð1Þ

where M is the Muller matrix of the sample and Sin,out
are the Stokes vectors of the input and output beams.

Considering more specifically light propagation in
nerves and with the aim of deriving a model for the optical
signal in the resting and in the dynamic states, the matri-
ces in Equation (1) can reasonably be simplified. First,
since nerves are turbid media, light experiences multiple
scattering when propagating in the nerve, which is known
to lead to depolarization [31, 32]. To the extent of our
knowledge, polarization values of neural tissues have not
been reported in the literature. Nevertheless, it has been
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shown in complex tissue structures, such as the colon [44]
or prostate [45], that the polarizance is close to zero. In
the context of this work, no polarizance is considered and
a uniform depolarization is thus assumed. This depolariza-
tion results in an output degree of polarization DOP < 1.
Second, owing to its specific structure, the nerve will be
considered as a linearly birefringent medium of retardance
ϕR, with one of the two polarization eigenmodes oriented
along the nerve axis [10, 24]. In this regard, the thickness
of the nerve is assumed to be uniform across the beam.
Lastly, diattenuation is neglected because it is low and has
only a small impact on polarization in biological media
[46, 47]. With these assumptions, Equation (1) reads:

Sout ¼ 1 0
!T

0
!

DOPI3

 !
1 0

!T

0
!

mR

 !
TuSin, ð2Þ

where Tu is the transmittance through the sample for
fully unpolarized light, I3 is the 3 � 3 identity matrix and
mR is the 3 � 3 rotation matrix of angle ϕR around the
axis 1 0 0ð ÞT.

3.2 | Polarization and optical signal in
the resting state

For an incident beam of power Pin, linearly polarized at
+45� with respect to the nerve axis, Sin ¼Pin 1 0 1 0ð ÞT,
which gives:

Sout ¼TuPin 1 0 DOPcos ϕR½ � DOPsin ϕR½ �ð ÞT: ð3Þ

In the resting state, the retardance keeps by definition
a constant value. After the analyzer (linear polarizer ori-
ented at �45�), the power PR reaching the PD reads:

PR ¼ βM�45�Sout ¼ β
TuPin

2
1�DOPcos ϕR½ �ð Þ, ð4Þ

where M�45
� is the Muller matrix of the linear polarizer

and β is the fraction of the output power that reaches the
PD due to the limited aperture of the analyzer.

3.3 | Optical signal in the dynamic state

When nerves are electrically excited, a change of birefrin-
gence, dichroism, absorbance and scattering might arise
[19, 48]. Each of these phenomena affects the output
polarization state in a different way and could contribute
to a transient change in the measured optical signal after

the analyzer. In crab leg nerves and squid axons, the
cross-polarized signal in the dynamic state arises almost
entirely from a change in linear retardance close to the
axon membrane, with little or no contribution from scat-
tering, absorption, linear dichroism or optical activ-
ity [24]. The change of absorption or turbidity in lobster
nerves in the dynamic state has a negligible contribution
to the birefringence signal [48]. In addition, the optical
activity variation (circular birefringence), while not
always negligible, remains smaller than the linear retar-
dance variation [48]. Moreover, since the birefringence
change is much smaller than the resting birefringence,
the polarization eigenmodes can be assumed to be identi-
cal in the resting and the dynamic states, in agreement
with results showing that the cross-polarized signal is
maximized when the sample is aligned at 45� with
respect to the two polarizers [10, 24]. Consequently, in
the following, we will restrict the optical changes in the
dynamic state to the dynamic variation of the retardance
Δϕ. From Equation (1), the polarization state at the out-
put of the nerve in its dynamic state is then:

Sout,d ¼MΔ MRþdMR

dϕR
Δϕ

� �
MDSin: ð5Þ

It follows that the power variation in the dynamic
state ΔP, measured through the analyzer is given by:

ΔP¼ β
TuPin

2
DOPsin ϕRð ÞΔϕ: ð6Þ

As can be seen, ΔP does not only depend on the retar-
dance variation and the incident power but also on the
degree of polarization of the beam at the nerve output
(DOP). To some extent, a decrease of the DOP due to
scattering in the sample could therefore be compensated
by an increase of the incident power to maintain the SNR
in the measured optical signal.

3.4 | Signal-to-noise-ratio

We will now look at the SNR of the transient optical signal
measured in the dynamic state. The light source, the shot
noise and the thermal noise generated in the detector each
contribute to the noise. The total voltage noise variance at
the detector output and after the bandpass amplifier is thus:

σ2tot ¼ σ2thþσ2l þσ2s , ð7Þ

where σth is the RMS of the thermal noise generated by
the electronics in the detector (load resistors and ampli-
fier stages) and σl is the RMS of the amplitude noise of

6 of 12 CURY ET AL.



the light source. Since the source is a LED, this optical
noise is dominated in the bandwidth of the detector Δf,
by the 1/f noise [49]. σs is the RMS of the shot noise char-
acterizing quantum fluctuations of detected photons.
With R, the responsivity of the PD at the LED wave-
length, q, the elementary charge, RL, the load resistor in
the transimpedance front end of the detector and G, the
gain of the bandpass amplifier, the shot noise RMS reads:

σs ¼RLG
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qRPR π=2ð ÞΔf

q
, ð8Þ

where π/2 is a correction factor for the first-order filters
in the detector. We note that when the retardance in the

sample is not compensated before the analyzer or when
the scattering depolarizes the output beam, the power in
the resting state quickly rises which, in turn, increases
the shot noise. As a result, with the typical power level
measured in the resting state with our setup (about
34 μW), the noise is dominated by the shot noise. The
voltage signal due to the CNAP induced optical change,
measured at the output of the bandpass amplifier is:

Vout ¼RLGRΔP: ð9Þ

The SNR of the voltage signal is defined as the ratio
between the signal power and the noise power. Assuming
that the main contribution to the noise is the shot noise,

FIGURE 4 Typical electrical and optical recordings in lobster walking leg nerves (left column, S01) and rat sciatic nerves (right column,

S14). Both samples exhibited similar thickness (≈0.9 mm). (A) and (D) signal recorded at the output of the optical channel, without and with

incident light in the resting state, showing shot noise limited measurements in both experiments. The power reaching the PD is ≈34 μW and

≈12 μW, respectively. (B) and (E) Electrical CNAPs. The voltage amplitude refers to the input of the electrical channel. (C) and (F),

recordings in the optical channel. A raw single trace is shown for the experiment in lobster nerve, while an average over 500 trials is

displayed for rat SN. Despite numerical filtering (890 Hz bandwidth and averaging), no birefringence signal can be seen
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by using Equations (4), (6), (8) and (9), the SNR of the
signal, recorded during the CNAP propagation, is:

SNR¼ βTuR
2qπΔf

PinDOP2sin ϕRð Þ2Δϕ2

1�DOPcos ϕRð Þ : ð10Þ

4 | RESULTS

4.1 | Lobster nerves

All crustacean nerves (S01-S06) produced clear electrical
and optical traces for single-trial CNAPs. The amplitude
of the electrical signal was in the range 84–913 μV. The
RMS voltage of the noise, measured at the output of the
optical channel, was dominated by the shot noise in all
these experiments. In the dynamic state, the change in
optical signal normalized to the resting signal (ΔP/PR)

was in the range 2 � 10�5 – 1.7 � 10�4, while the SNR
varied from 14 to 32 dB. A typical example, recorded in
sample S01, is reported in Figure 4. In the resting state,
the measured RMS noise in the optical channel was ≈8.8
mVrms (Figure 4A). In this experiment, the power reach-
ing the sensor was ≈34 μW, for an incident power on
sample Pin = 3 mW (1 mm pinhole), leading to a theoret-
ical shot noise of ≈8.2 mVrms, in agreement with the
measured voltage signals with and without light. Electri-
cal and optical traces for single-trial CNAPs are shown in
Figure 4B,C.

Measurements of the Stokes parameters show that
the light transmitted through the nerve is only slightly
depolarized due to scattering, with DOP values ranging
from 0.92 to 1.00 (see Figure 5A). For nerve thicknesses
below 1 mm, the depolarization was quite small but
became noticeable for larger nerve diameters, such as for
claw's nerves. Besides, we observed only little variations

FIGURE 5 Stokes vectors

representation on the Poincaré

sphere for experiments

conducted in lobster (A) and rat

sciatic (B) nerves. The incident

light on sample is linearly

polarized at +45� with
DOP = 1.00 (green vector). The

color labels in (A) and (B) are

organized based on the nerve

diameter, from the thinnest to

the thickest. The Stokes

parameters for all samples (Sj)

are reported in the Table S1)

FIGURE 6 Cross-polarized

images of the peroneal branch of a

rat sciatic nerve. The sample is

oriented at 45� (A–C) or aligned (B–
D) with the axes of the polarizers.

The scale bar corresponds to 50 μm
and the cross represents the

orientation of the polarizer and the

analyzer. (A) and (B) Edge of the

nerve, the average brightness in B is

≈24% smaller than in (A). (C) and

(D): Central part of the nerve, the

average brightness in (D) is ≈11%
smaller than in (C)
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of the DOP across the neural tissue. We can also see that
the S1 component remains small (≈�0.1; Table S1) and,
considering different nerve thicknesses, that the polar-
ized part of the output Stokes vector mainly undergoes a
rotation in the S2-S3 plane. The rotation angle shows, in
most samples, a linear relation with the sample thickness
corresponding to a retardance of ≈0.75 rad/mm. We note
that the systematic nonzero value S1 could be the result
of a slight misalignment of the polarizers and waveplates.
However, the total power measured in the bases (0�, 90�)
and (�45�, +45�) agree within 1%. Nevertheless, this
does not affect much the DOP or the measured retar-
dance, or the general conclusion of our work.

In the dynamic state, from the signal acquired in the
optical channel and using Equation (6), the computed
peak value of the retardance variation Δϕ was measured
to be in the range 13–57 μrad (i.e., ≈1.6–7 pm).

4.2 | Rat sciatic nerves

In rat sciatic nerves (main trunk S13-S15 and peroneal
branch S19-S21), electrical single-trial CNAPs were
recorded with amplitudes ranging from 500 to 3000 μV.
Yet, no optical response was detected, even after a
numerical postprocessing consisting in averaging up to
500 traces and in further filtering the signal (890 Hz
bandwidth). As an illustration, signals recorded from
nerve S14 are shown in Figure 4E,F. We note that
despite the larger bandwidth of the receiver (17 kHz),
the RMS total voltage noise was still limited by the shot

noise (see Figure 4D). The power reaching the PD was
≈12 μW for an incident power on sample Pin = 3 mW
(1 mm pinhole), leading to a theoretical shot noise of
≈21 mVrms, in agreement with the measured voltage
signals with and without light. Light transmitted
through the main trunk of the nerve in different areas,
exhibited an almost complete depolarization due to scat-
tering. In the peroneal branch (S19-S24, thickn-
ess = 0.5 mm), the DOP was measured to be in the range
0.10–0.12, while it drops to zero (within the measure-
ment uncertainties) for a thicker portion of the nerve in
the main trunk (S13-S18, thickness = 1 mm). This is also
seen in Figure 5B, with the Stokes parameters S1,2,3 close
to zero. Because of the measurement variability, it was
not possible to infer a retardance value per unit of sam-
ple thickness.

Cross-polarized images of the peroneal branch ori-
ented at 45� and aligned with the axes of the polarizers
are shown in Figure 6. They were acquired with our
experimental setup by replacing the PD with a micro-
scope objective (NA = 0.42) and a CMOS camera, as well
as the sample holder with a glass plate. The pinhole and
the slit were also removed. As can be seen, there is no
significant difference with the nerve orientation, except
near the edge where the sample is thinner, confirming
the strong light depolarization in the central part of the
nerve. Moreover, contrary to experiments in very thin
neural samples [26, 50–52], individual axons cannot be
seen despite their strong birefringence because of a lack
of contrast due to the averaging effect over many axons
and to blurring from light scattering.

FIGURE 7 Variation of the SNR with the DOP for several optical powers (Pin) from Equation (10), with parameters corresponding to

our experiments with lobster and rat sciatic nerves. The receiver bandwidth is 890 Hz. (A) Lobster (S03). The sample exhibited ϕR = 0.6 rad,

Δϕ = 57 μrad, DOP = 0.99 and βTu = 0.19 (Pin = 3 mW, Pout = 570 μW). (B) Rat (main nerve trunk S14 and peroneal branch S19). For the

main trunk (solid): DOP = 0.02 and βTu = 0.008 (Pin = 3 mW, Pout = 25 μW); for the peroneal branch (dashed): DOP = 0.12 and

βTu = 0.015 (Pin = 0.7 mW, Pout = 10 μW). In these plots, we assumed a resting retardance and a retardance variation corresponding to

lobster nerves of similar thickness, that is, in the main trunk ϕR = 0.6 rad, Δϕ = 57 μrad and in the peroneal branch ϕR = 0.48 rad, Δϕ = 40

μrad. We note that despite the smaller βTu coefficient, the SNR is expected to be slightly larger in the main trunk because of a higher ϕR and

Δϕ. The red dot in (A) indicates the experimental SNR, while the red marks in (B) show the theoretical SNR with the corresponding

experimental parameters
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5 | DISCUSSION

Most biological tissues are complex turbid media. Their
optical properties are mainly characterized by absorption
and scattering, both being wavelength dependent [53].
Scattering, which is the consequence of the inhomoge-
neous distribution of the refractive index [39], decreases
monotonically with wavelength in biological structures.
Light thus experiences a larger penetration depth in the
near-infrared (NIR) than in the visible absorption bands.
Larger birefringence signals in the NIR than in the visible
have also been reported [23]. We have therefore chosen a
light source at 780 nm, which is close to an absorption
minimum by water in the NIR spectrum.

In our experiments on rat sciatic nerves, we reported
evidence of a high linear depolarization for >0.5 mm
thick sections. In stark contrast, the light remains almost
fully polarized in crustacean nerves, even for thicknesses
larger than 1.5 mm. This noticeable differences between
lobster and rat sciatic nerves can be related to their
respective structures. A lobster nerve comprises ≈1000
unmyelinated axons with diameters ranging from 1 to
100 μm [28]. The axon size diameter distribution within the
nerve can be grouped in three categories: 0.1–5 μm (50%),
20–30 μm (25%) and 50–100 μm (25%) [12, 28]. The nerve
structure is maintained by a combination of cytoskeletal
proteins such as microtubules and extracellular collagen. In
rat sciatic nerves, the main trunk contains ≈27,000 axons
(30% myelinated and 70% unmyelinated) with diameters in
the ranges 0.1–1 μm (unmyelinated) and 1–14 μm (myelin-
ated) [29, 30]. In a cross section of a sciatic nerve, typically
up to 50% of the area is made up of non-neural tissue, such
as connective tissue and endoneural fluid. The remaining
50% comprises the fascicles containing the myelinated
(≈43%) and unmyelinated (≈7%) axons [54, 55].

Nerve fibers have a structural anisotropy that results
in an intrinsic birefringence [12, 40, 47]. In order to have
an analytical expression of the expected SNR of the bire-
fringence signal, we considered the propagation through
the nerve section as in linear birefringent media to
account for the polarization change. This model is sup-
ported by several indicators. Early works on birefringence
nerve properties, demonstrated, for crab leg nerves and
squid axons, that it is relevant to quantify the average
retardation as if these nerves behave like uniaxial bire-
fringent media with an effective optic axis longitudinally
oriented [24]. This was confirmed for lobster nerves in
our experiments. We indeed measured a polarization
rotation (around the S1 axis) proportional to the sample
thickness (see Figure 5A). The resulting resting retar-
dances are in line with previously reported values [48]. In
rat sciatic nerves, it was however not possible to verify
the model due to the high measurement variability. This

can be explained by the more complex and inhomoge-
neous structure of these nerves. Nevertheless, thinner sam-
ples under a polarizing microscope have revealed that
myelinated nerve axons are birefringent media [25, 47, 50–
52]. In particular, the myelin sheath, with its concentric
layer structure, exhibits strong linear birefringence with a
radially oriented optic axis. As a result, it is expected that
only the sides of each axon sheath to contribute to the rest-
ing linear birefringence for light propagating orthogonally
to the nerve section. However, peripheral nerve fibers do
not follow a straight line inside the nerve, instead they
undulate, forming regular waves (sometimes called axonal
waves) of variable amplitude. Their wavelength has been
measured as 0.4–0.1 mm in rat sciatic nerves [56] and as
low as 0.08 in mouse sciatic nerves [57]. This contributes
to increasing the depolarization of the whole light beam
but could also modify the orientation of the effective optic
axis, explaining the variability in our measurements.

We now consider the signal resulting from a change in
optical retardation accompanying the propagation of
CNAPs along the nerves. Optical single trials measurements
in lobster nerves were obtained successfully. The measured
retardance variations, in the range (1.6–7) pm, have an
amplitude comparable to results of previous works in simi-
lar specimens [58, 59]. Figure 7A shows the theoretical SNR
of the birefringence signal with the DOP (Equation (10)) in
lobster nerves for various input powers, considering our
experimental parameters for the sample S03. In this sample,
for an input power of 3 mW, the SNR reached 32 dB in very
good agreement with our model. We see also from these
curves that a few milliwatts input power are sufficient to
reach a SNR > 10 dB, even for DOPs as small as 0.3.

The absence of detectable birefringence signals in exper-
iments with rat sciatic nerves, even when a digital filter
with a 890 Hz bandwidth is applied, could at first sight be
explained by the scattering of light resulting from the higher
number of (small) axons and the myelin sheaths [23]. As
discussed earlier, this indeed reduces the DOP as well as
the power reaching the detector (i.e., the product βTu). In
the peroneal branch of the nerve where the thickness is
about 0.5 mm, we typically measured a DOP and a βTu fac-
tor about 10 times lower than in 1 mm-thick crustacean
nerves. This leads to an expected SNR of �16 dB assuming
that all the other parameters, such as the resting birefrin-
gence and dynamical retardance, are identical to lobster
nerves of similar thicknesses (see Figure 7B). The situation
is even worse for 1 mm thick sections in the main trunk for
which a theoretical SNR of �24 dB is predicted. We stress
that in the model as well as in the experiments (see
Figure 4D) the main source of noise is the shot noise.
Increasing the power up to 50 mW should still not be suffi-
cient for single trial measurements. A detectable birefrin-
gence signal could in principle be obtained by averaging on
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successive nerve excitations. Yet, no signal can be seen when
averaging 500 dynamic traces recorded in the main and pero-
neal branches, while in this case our model predicts a SNR
about 3 dB and 11 dB, respectively. This led us to conclude
that the retardance variation itself is much smaller than
assumed (by at least one order of magnitude), since our
experimental results cannot be explained only by the
decrease of the DOP and of the transmission due to tissue
scattering properties.

It is now accepted that the retardance changes occur
close to or through the axon membrane and are associated
with membrane depolarization [12, 19, 24]. Moreover, it
has been shown in squid giant axons that the birefringent
signal in the dynamic state is consistent with the reorien-
tation of peptide bonds in voltage gated sodium channels
[60]. In addition, it could find its origin in conformational
changes in the membrane and its surroundings due to the
large local electric field (107 V/m) during the CNAP
propagation [61]. While the mechanism behind birefrin-
gence variation is still an open question, we hypothesize
that in myelinated axons in peripheral nerves, the birefrin-
gence changes only take place at the nodes of Ranvier.
During saltatory conduction, the membrane depolariza-
tion remains localized at these nodes where the density of
sodium channels is high [62]. However, despite the higher
channel concentration, since the nodes have a small size
(≈1–2 μm) and are separated by up to ≈1.5 mm, the over-
all signal from excited myelinated axons remains low and
hiders the buildup of a large birefringent signal. We note
that even if the majority of axons in the midtight and pero-
neal branch of rat sciatic nerves are unmyelinated, they
are characterized by a large stimulation threshold (above
10 times that of myelinated axons [63]). This means that
they are hardly excitable with electrical pulses of short
duration as used in this work. While longer-duration
pulses can excite unmyelinated fibers, the stimulation arti-
fact pollutes neural recordings by obscuring CNAPs from
myelinated axons. This is in agreement with OCT imaging
of neural activity in rat sciatic nerves in which no retar-
dance variations has been observed despite evidence of
light scattering changes due to osmotic swelling from ion
currents in the dynamic state [22].

In conclusion, we showed that the cross-polarized tech-
nique in transmission is unsuitable for monitoring CNAPs
in sciatic nerves (0.5 mm thick and above). This is attribut-
able not only to higher scattering of photons that drasti-
cally reduces the degree of polarization of the transmitted
light and the transmission itself, but also to an intrinsic
smaller birefringence change. Both detrimental effects find
their origin in the myelin sheaths. In the context of clinical
applications, while techniques relying on scattering
changes seem more appropriate than those based on bire-
fringence changes for sciatic nerves, the latter method

could still be promising for nerves containing less myelin-
ated axons. It is the case, for instance, for the vagus nerve,
showing a specific clinical interest in epilepsy [64]. To
which extend polarization techniques could be implemen-
ted for monitoring neural activity in vagus nerves remains
an open question and requires further investigations.
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