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Abstract 

Background: Infrared neural stimulation (INS) uses short optical pulses to activate nerves. While electrical stimulation (ES) 

activates large-diameter fibers first, light may preferentially activate small-diameter fibers first, which could be valuable for 

many clinical applications.  

New Method: This study used a compact diode laser of 1470 nm to perform INS. Conduction velocity (CV) measurements 

were performed to assess differences in fiber type activation between INS and ES in the rat sciatic nerve and the goat vagus 

nerve. The rat sciatic nerve was chosen as a standard model because of its well-characterized physiology and extensive use in 

studies of INS mechanisms. The goat vagus nerve was chosen because of its expected high proportion of small-diameter fibers 

and its larger size, which allows sufficient separation between recording units to optimize CNAP measurements.  

Results: The results showed that in the rat sciatic nerve, ES-excited fibers had significantly higher CVs (9.81 ± 3.18 m/s) than 

INS-excited fibers (8.10 ± 2.82 m/s). In the goat vagus nerve, ES produced a mean CV of 6.47 ± 1.25 m/s, but INS did not 

produce clearly distinguishable compound nerve action potential, highlighting the challenges of applying INS to larger nerves. 

Comparison to Existing Methods: To the best of our knowledge, CV is, for the first time, measured to identify the type of 

nerve fiber excited by INS.  

Conclusion: These results suggest that INS may preferentially activate smaller diameter fibers, providing insight for potential 

neuromodulation applications. 

Keywords: infrared neural stimulation, ex vivo rat sciatic nerve, ex vivo goat vagus nerve, compound nerve action potential, 

conduction velocity 

1. Introduction 

Neurostimulation modulates the nervous system’s activity to treat various pathologies, such as deafness, chronic pain, 

neurodegenerative diseases, and epilepsy (Krames et al., 2009; Vonck et al., 2012). Among the various neural activation 

techniques, electrical stimulation (ES) has historically been and remains the most common method. However, electrical 

neuromodulation suffers from various shortcomings. For instance, stimulation artifacts pollute the electrophysiological nerve 

recordings (Mcgill et al., 1982), the stimulation lacks spatial precision due to electric current spread in the tissues (Liang and 

Lusted, 1999), and the neurostimulators have a limited compatibility with Magnetic Resonance Imaging (MRI) (Manker and 

Shellock, 2018). Using near-infrared light to stimulate nerves avoids the stimulation artifact in electrical recording (Wells et 

al., 2007b), achieves spatial selectivity due to high light absorption in tissue (Izzo et al., 2006; Richter et al., 2011; Sato et al., 
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2024; Tian et al., 2024; Wells et al., 2008). It removes the need for metal leads, allowing its compatibility with MRI (Doguet 

et al., 2024).  

Infrared neural stimulation (INS) is the activation of nerve fibers by a transient infrared light exposition. Compared to 

optogenetic techniques, this method does not require any prior genetic modification of the targeted tissue (Richardson et al., 

2020). In the last decade, theoretical developments and in vitro experiments have provided a better insight into the mechanism 

of INS. However, its precise mode of action is not yet fully understood (Beier et al., 2014; Liu et al., 2021; Plaksin et al., 2018). 

At the same time, in vivo experiments have proven the feasibility of this nerve stimulation technique (Cayce et al., 2015; Goyal 

et al., 2012; Wells et al., 2007a; Yetis et al., 2021). 

The order in which the nerve fibers are recruited may also differ between INS and ES. Under physiological conditions, the 

smaller motor nerve fibers are recruited first (Henneman, 1957; Henneman and Mendell, 1981). In contrast, larger fibers have 

a lower ES threshold and thus respond first to (even weak) electrical stimuli (Rattay, 1989). Moreover, while ES has been 

shown to excite mainly the axons of neurons (Ranck, 1975), INS has already been proven to activate neuron soma during in 

vitro experiments (Brown et al., 2013). However, the order in which the nerve fibers are optically recruited is still unknown. 

An axonal model developed by Fribance et al., based on the widely accepted thermal mechanism, showed that a lower threshold 

temperature was required to activate small-diameter nerve fibers (Fribance et al., 2016). Based on the cable equation and 

assuming that the INS mechanism is related to the effect of the temperature gradient on the axonal membrane, Lothet et al. 

similarly demonstrated that small axons would reach their activation threshold temperature earlier than large axon fibers (Lothet 

et al., 2017). They further confirmed this prediction by selectively inhibiting the small-diameter fibers of a shrew vagus nerve 

with infrared light while activating the large-diameter fibers with ES. More recently, Cury et al. reported on late components 

of the compound nerve action potential (CNAP) evoked by INS, suggesting the activation of small-diameter axons (Cury et al., 

2021). Yetis et al. observed a decrease in heart rate and arterial blood pressure during ES of rat vagus nerves, whereas INS only 

induced a decrease in arterial blood pressure (Yetis et al., 2021). To explain this difference between ES and INS effects, the 

authors suggested that INS targets small-diameter unmyelinated fibers in the aortic depressor nerve while not exciting the axons 

that affect heart rate. Overall, these studies point toward INS recruiting small-diameter nerve fibers first, whereas ES does the 

opposite. However, these data remain hypothetical (e.g., model-based) or preliminary (i.e., on a single trial, as in (Cury et al., 

2021)) and need to be confirmed.  

The ability to target specific neuronal populations is potentially of significant interest for many neuromodulation therapies. 

For example, vagus nerve stimulation (VNS) has been implicated in treating various disorders, including epilepsy, depression, 

obesity, and inflammatory gut disease (Bonaz et al., 2013; McAllen et al., 2018). The applications are diverse, reflecting the 

range of nerve fiber diameters and functions covered by the vagus nerve (Bonaz et al., 2013). Depending on the desired effect, 

a specific population of neurons should be targeted to increase treatment efficiency. Unfortunately, common electrical 

neurostimulators are unable to activate small-diameter axons preferentially (Yuan and Silberstein, 2015). Efforts are underway 

to develop selective electrical stimulation  (Blanz et al., 2023; Musselman et al., 2023) using a patient-specific approach. If INS 

is shown to activate small-diameter axons intrinsically (i.e., not requiring patient-specific tuning), it would greatly interest many 

clinical applications. 

To better investigate the type of nerve fibers stimulated by INS, we decided to take an experimental approach. Among the 

techniques used to identify the main type of fibers activated in a nerve, whole nerve conduction velocity (CV) measurements 

are commonly used (Gasser, 1941; Parker et al., 2018). An experimental setup was developed to record CNAPs at two different 

locations along the nerve. The rat sciatic nerve was chosen as the first animal model, due to their well-characterized physiology 

and the availability of background data to validate our experimental setup. In addition, rat sciatic nerves are a common model 

for understanding INS mechanisms and the effects of stimulus parameters (Coventry et al., 2020; Throckmorton et al., 2021; 

Wells et al., 2007a). Our interest in small fiber stimulation then required that we also study the cervical vagus nerve, where 

small-diameter fibers are expected to be abundant in mammals such as rats, pigs, sheep, and humans (Delorme et al., 1997; 

Pelot et al., 2020; Stakenborg et al., 2020). These features make the vagus nerve an ideal candidate for exploring the potential 

of INS to target small-diameter fibers selectively. We turned to the goat vagus nerve because it offers a greater length than the 

rat vagus nerve (~11 mm from (Pelot et al., 2020)), which facilitates hardware design for electrophysiological recording. 

Moreover, comparing results in two types of animals is also of particular interest, as translating findings from small rodents to 

larger mammals remains challenging (Rozman and Ribarič, 2019). In this work, CV was first measured in the ex vivo rat sciatic 

nerve using both INS and ES. In the ex vivo goat vagus nerve, CV was assessed with ES and histological analysis of tissue 

thickness was performed to interpret better the mixed results obtained with INS in this larger nerve sample. Finally, the study 

discusses the CV measured in the rat sciatic nerve with INS compared to ES and highlights the challenges faced in the goat 

vagus nerve. 
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Figure 1: Schematic of the experimental setup with two groups of recording electrodes to measure the conduction velocity. 

Left: rat sciatic nerve. The distal end of the rat sciatic nerve is divided into three smaller branches: sural (a), tibial (b), and 

peroneal (c). Right: goat vagus nerve 

 

2. Method 

Figure 1 shows the experimental setup developed to record CNAPs in an excised rat sciatic or goat vagus nerve. The setup 

is composed of an acquisition chain to record the electrophysiological activity of the nerve at two different locations, an 

electrical stimulator and an optical stimulator. The experimental setup is detailed in (Cury et al., 2021; Vande Perre et al., 2022). 

2.1 Surgical procedures 

The experiments were conducted on rat sciatic nerves and goat cervical vagus nerves.  

The experiments on rats were conducted at the Institute of Neuroscience (IoNs), Université Catholique de Louvain 

(UCLouvain). The left sciatic nerve of seventeen male Wistar rats (3-5 months, 350-420g) were used. The animal care facility 

is accredited by the Animal Care Service of the Federal Public Department (LA number: 2230419). This work was performed 

in accordance with a protocol approved by the Ethics Committee for Animal Experimentation at UCLouvain 

(2022/UCL/MD/011), in compliance with the European Convention ETS 123. 

The surgical procedure is briefly described below (for further details, see (Cury et al., 2021)). The animal is anesthetized 

with an initial intraperitoneal injection of ketamine (60 mg/kg body weight) and xylazine (7 mg/kg body weight). Anesthesia 

is maintained until the sacrifice by additional bolus injections of ketamine (60 mg/kg body weight) whenever a withdrawal 

response to noxious paw stimulation is observed, which is checked every 10 minutes. To expose the sciatic nerve, the superficial 

layer of the thigh muscle is dissected between the gluteus superficialis and biceps femoris muscles. A sciatic nerve length of 

30 mm is often achieved, although this depends on where the nerve divides into the peroneal, tibial, and sural branches. 

The experiments on five Saanen goats were conducted in cooperation with Pig For Life (PFL) and CER Groupe in Marche-

en-Famenne, Belgium, in compliance with Belgian ethics regulations (LA number: 1800104). Ten goat vagus cervical nerves 

were harvested for ex vivo experiments.  

The animal is first anesthetized with diazepam (0.3 mg/kg) and then euthanized with pentobarbital (1 ml/kg). All solutions 

are injected intravenously through a catheter placed in the cephalic vein. Death is confirmed by the absence of cardiac and 

respiratory movements for at least one minute in compliance with the respective Belgian regulations. Immediately post-mortem, 

the animal is placed in lateral decubitus, with the head in extension. A skin incision is made above the jugular vein. Soft tissues 

are dissected while maintaining our position above the jugular vein to reach the vagus nerve. Tissue adjacent to the nerve is 

carefully discarded while avoiding damage to the nerve. After placing two clamps, the nerve is sectioned to obtain 

approximately 40 mm of nerve. The sample is immediately placed in a collection tube (preoxygenated Krebs-Ringer solution). 

The procedure is repeated on the contralateral side. 

2.2 Electrical recording and stimulation 

Each recording bipolar channel input consists of a pair of electrodes (cathode and anode) separated by 2.5 mm. The two 

recording channels have their cathodes separated by 10.2 mm, which is thus the conduction distance. A reference electrode is 

placed between the recording and the stimulating electrodes in order to minimize the amplitude of the stimulation artifact. The 

acquisition chain is composed of a preamplifier (gain: 40 dB), an amplifier (gain: 28 dB), an isolation stage (gain: -10 dB), and 

a filtering stage (High-pass of first-order), with a 10-8000 Hz bandwidth. 

The overall resolution of this channel is 0.20 µV with a dynamic range of ±3.46 mV, both referred to the input. The measured 

root mean square noise is 0.43 µV, also referred to the input. The amplifier output is digitized at 40 kHz sampling rate by a 

DAQ (USB-6212, National Instrument Corp., USA) and processed offline using MATLAB (MathWorks, Natick, USA). This 

recording setup has been used in (Cury et al., 2022, 2021; Smets et al., 2022, 2021; Stumpp et al., 2021, 2020). 
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Regarding ES, the DAQ, also interfaces with the current-controlled stimulator. The stimulator generates biphasic square 

current pulses (negative phase of maximum 1.5 mA amplitude and 0.2 ms duration followed by an interphase delay of 10 µs, 

and finally, a recovery phase of identical to the first phase except for an opposite polarity). 

The pulsed infrared laser used to stimulate the nerve optically is a NeoV 1470 nm from NeoLaser (Caesara, Israel). It is a 

compact diode laser that emits trains of light pulses with a peak power of 10W and a variable repetition rate (0.5-20 Hz). The 

pulse duration is set to 0.4 ms to deliver 4mJ per pulse to the nerve. A multimode fiber (numerical aperture 0.22, core diameter 

400 µm, NeoLaser), that gently touches the surface of the nerve, delivers the light to the sample (see Figure 1). 

2.3 Ex vivo experimental protocol 

In both rat and goat nerves, the sample was placed on the electrodes after excision, according to Figure 1. For the rat sciatic 

nerve, we electrically and optically stimulate the main trunk of the nerve and record in the peroneal branch, as we previously 

obtained successful results in this configuration (Cury et al., 2022, 2021; Vande Perre et al., 2023). Apart from this, the protocol 

was identical for the goat vagus nerve and the rat sciatic nerve. The nerve was moistened with oxygenated (3 L/min) Krebs-

Ringer solution (Fisher Scientific, Merelbeke, Belgium) every 5 minutes to prevent desiccation. The nerve was maintained at 

room temperature (19-22°C) throughout the experiment. Starting with a lower sample temperature diminishes the risk of 

reaching temperatures above 43°C, where thermal damage has been noticed by Wells et al. (Wells et al., 2007a). ES (0.3 mA 

to 1 mA biphasic pulses) allowed to verify the ability of the ex vivo sample to generate a CNAP. This was repeated after each 

optical stimulation to verify the integrity of the nerve and the absence of functional damage induced by INS.  

For the optical stimulation, a pulse train consisting of pulses of 10 W peak power and 0.4 ms duration (4 mJ energy) was 

delivered to the nerve. Besides, the pulse duration was progressively increased for the goat vagus nerve to reach 20mJ pulse 

energy. Note that the local heat accumulation is limited to a 2 mm diameter spot around the optical fiber and does not affect 

the nerve segment where CV is measured (Vande Perre et al., 2023). 

2.4 Histological analysis 

The recording and stimulation setup has already been validated in the ex vivo rat sciatic nerve (Cury et al., 2022, 2021; 

Vande Perre et al., 2023), and there is literature on rat sciatic nerve experiments with INS (Wells et al., 2007a, 2005). However, 

experiments with INS in the goat vagus nerve were not found in the literature. To better understand our novel experimental 

conclusion, histological analysis was performed. At the end of the experiment, the region that had been optically stimulated 

was marked with India ink. Subsequently, the sample was fixed with 4% paraformaldehyde for 48 hours. Following fixation, 

the sample was preserved in phosphate-buffered saline (PBS) at 4°C. Ultimately, the sample was sliced with a microtome, and 

Masson's trichrome staining was performed. This staining procedure resulted in the blue coloration of connective tissues, 

thereby facilitating the identification of nerve fiber bundles and surrounding tissues. To estimate the thickness of the connective 

tissue, we considered four stimulation sites around the nerve (top, bottom, left, right). Since the nerve has an ellipse-like shape, 

the left-right axis was defined as the largest axis crossing the center, and the top-bottom axis was defined perpendicular to it, 

also crossing the center. We measured the distance between the surface of the nerve (epineurium) and the first nerve fibers on 

 

Figure 2: Histological section of the left vagus nerve of goat #4. Masson's trichrome staining shows the connective tissue in blue, 

surrounding the nerve fiber bundles. Four hypothetical 400 µm wide optical spots (top, bottom, left, right) are shown in red, and the 

thickness of the surrounding tissue is highlighted for five lateral positions across the excitation beam from the optical spot positioned at the 

top of the nerve section. The tissue thicknesses measured for the first and last positions are shown as examples. 
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the path of five beamlines (100 µm between each beam) perpendicular to the optical spot, as shown in Figure 2. This procedure 

was repeated for the six goat nerve samples we excised from the last three animals sacrificed. 

2.5 Compound nerve action potential detection 

We implemented a two-step algorithm to validate the presence of CNAPs in the recorded signal from INS trials. First, the 

signal's root mean squared (RMS) value is computed between 1 ms to 4 ms after the stimulation onset, where a CNAP is 

expected considering previous experiments (RMS expected CNAP). The RMS value of the signal was also computed from 22 

ms to 25 ms after stimulation time (a reference signal at a time when no response is expected). When the RMS expected CNAP 

value was greater than two times the standard deviation of the reference RMS, it was considered that a CNAP potentially 

occurred (as previously proposed (Fisher, 1925)). Based on this initial selection of CNAPs, a minimum of 3 epochs of potential 

CNAPS were averaged to obtain a smoothed version of the CNAP to serve as a template. Second, the cross-correlation between 

a sliding window of the signal and the template was computed to quantify their similarity. A CNAP was definitely considered 

present if the cross-correlation of the template where a CNAP is expected (1 ms to 4 ms after the stimulation) was greater than 

two times the standard deviation of the cross-correlation of the template with the baseline signal. 

2.6 Conduction velocity computation 

For each experiment, INS and ES trials were used to compute and compare the CV of the excited nerve fibers. The two 

stimulation methods were run in a sub-minute time interval and under identical conditions (in particular, regarding hydration 

and nerve temperature). For each modality, the extracellular recording yielded a negative first biphasic potential wave after the 

stimulus. However, in the case of the rat sciatic nerve, the amplitudes of the responses recorded at the two positions along the 

length of the nerve differed (See CNAP1 vs CNAP2 in Figure 

3). It was expected because the second recording located on the 

peroneal branch does not see all the fibers stimulated at a more 

proximal location on the nerve. It results in a lower amplitude 

of the biphasic potential in the second recording channel. It was 

not the case for the goat vagus nerve, since no collateral 

branches left the nerve between the recording points. 

An example of the ES and INS CV computations is shown 

in Figure 3. The CV of the excited nerve fibers was calculated 

from the time delay between the minimum of the biphasic 

potential at the first and second pair of electrodes (see, e.g., in 

Figure 3) (Gu et al., 1996; Stegeman and Weerd, 1982; Žužek 

et al., 2017). 

The CV of ES-evoked CNAPs was calculated from a trace 

resulting from three averaged epochs. In contrast, INS-evoked 

CNAPs are more than ten times smaller in amplitude and 

therefore have a lower SNR. To reliably detect the maximum 

CNAP, at least ten consecutive INS epochs were averaged 

before the CV was calculated. Since the slower CVs are less 

than 1 m/s, and knowing that the distance between the 

stimulation site and the last electrode is a maximum of 21.6 

mm, a time window from 0 to 25 ms after the stimulation time 

was analyzed to detect possible late components of the CNAP.  

The CVs of CNAPs elicited by INS and ES were compared 

in two ways. First, the CV obtained in the same nerve and ex 

vivo conditions for consecutive trials (INS then ES) were 

compared to ensure the most homogeneous results for both 

types of neurostimulation. While ES is often successful, INS 

does not always induce an identifiable CNAP (see Section 2.5) 

in both channels, leaving only a few successful INS trials in 

some experiments. Therefore, we also included a second 

comparison in which all CVs obtained were compared to get a 

 

Figure 3: Comparison of conduction velocities of fibers excited 

by electric current (top) or infrared light (bottom) in rat sciatic 

nerve #1. The averaged compound nerve action potential 

(CNAP) recorded by the first and second recording units are 

shown in blue (CNAP1) and orange (CNAP2), respectively. All 

Note the difference in scale, which explains the smoother aspect 

of the top traces. 
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broader perspective, both for INS and ES, thus increasing the number of samples considered and providing a broader picture 

of the overall trends. 

3. Results 

3.1 Rat experiment 

Figure 4 shows the CV measured for 22 trials in 10 different rat sciatic nerves, only considering successful and consecutive 

trials with INS and ES. In most trials (18 out of 22), the CVs of ES-excited fibers were higher than those of INS-excited fibers. 

The average CV was 9.81±3.18 m/s for ES-excited axons and 8.10±2.82 m/s for INS-excited axons (n=22). A paired sample 

Wilcoxon signed-rank test was calculated to test whether the difference between ES and INS CVs is a zero median distribution. 

It confirmed that the ES-excited axon CVs were significantly faster than the INS ones (p-value<0.05).  

Considering all successful trials, an average CV of 10.45±4.49 m/s can be computed for ES (n=175), compared to 8.43±3.06 

m/s (n=30) in INS. A non-parametric Mann-Whitney test was used (distributions were not normal), showing again that ES-

excited axon CVs were significantly faster than INS ones (p-value<0.05). 

3.2 Goat experiment 

Experiments were performed in five different animals for both left and right vagus nerves. Nine out of ten vagus nerves 

responded to ES. However, due to the stimulation artifacts or unexpected CNAP shapes, CV could only be calculated in four 

vagus nerves. Figure 5 shows CNAPs recorded in goat #2 (right vagus nerve) for both recording units in response to ES allowed 

the CV of excited fibers to be calculated. Among the 15 measurements performed (see Figure 5, right), the average CV was 

6.47±1.25 m/s. The amplitude of the measured CNAPs (~25µV in Figure 5) was lower in the goat vagus nerves than in the rat 

sciatic nerves (~750µV CNAP in Figure 3).  

Although performed with a wide range of pulse energies (4 to 20 mJ), none of the trials resulted in a recorded response to INS. 

Figure 6 shows an unsuccessful INS trial involving the goat #2 (left vagus nerve), despite CNAPs recorded in response to ES 

before and after the optical stimulation trial. However, upon visual inspection, INS-induced CNAPs of minimal amplitude may 

still be present. Figure 7 displays a potential response to INS in one trial (right vagus nerve of goat #4), with an amplitude of 

less than 0.2 µV. The thickness of fat and connective tissue between the nerve surface (where the optical spot is in contact with 

the tissue) and the nerve fascicle was measured. As shown in Figure 8A, tissue thickness averaged 385 ± 264 µm across 120 

 

Figure 4: Computed conduction velocities from both electrical stimulation (ES) in green 

and infrared neural stimulation (INS) in purple. Each INS trial is associated with a line to 

the ES trial performed consecutively. Red lines highlight cases where CV of the INS trial 

is higher than the ES’ CV. Dashed lines indicate the average CV compute among the ES 

and INS trials. 
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measurements from six nerve samples. Special attention was given to the smallest distance between the optical spot and the 

nearest fiber bundle to better assess the feasibility of nerve fiber stimulation. The average minimum thickness for each 

hypothetical spot (n=60) was 243 ± 176 µm. For comparison, a typical slice of rat sciatic nerve, a common model used in 

previous experiments, is shown in Figure 8C, and tissue thickness is estimated to range from a few tenths of µm to 150 µm in 

the worst case. In addition, the goat vagus nerve has a loose and irregular structure, as shown in Figure 8B, with small-diameter 

nerve fibers organized into multiple bundles. This architecture, combined with the increased tissue thickness, may explain the 

difficulty in recording INS-induced CNAPs in the goat vagus nerve compared to the rat sciatic nerve. (Mayrhofer-Schmid et 

al., 2024) 

 

 

 
 

 

 

 

Figure 5: (left) Recording of the compound nerve action potential (CNAP) elicited by electrical stimulation (ES) in the second goat’s right vagus 

nerve. Traces recorded by the first and second recording units are shown in blue and orange, respectively. (right) Summary of the conduction 

velocities recorded in 4 different goat vagus nerves. 

 

Figure 6: Comparison of successful electrical stimulation before (left) and after (right) the unsuccessful optical stimulation (center) in the 

left vagus nerve of the second goat. Blue traces are recorded with the first recording unit (after filtering and averaging). Black dashed 

lines indicate the expected latency of CNAP for different CVs. The magnified graph highlights the lack of recorded response to infrared 

neural stimulation (INS) despite a pulse energy of 10 mJ. Gray traces represent the 45 epochs averaged to plot the blue line. 
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Figure 7: In the fourth goat right vagus nerve, the first trial of optical stimulation with a pulse energy of 4 mJ 

may have elicited a low-amplitude response to infrared neural stimulation (INS). The blue trace was recorded 

with the first recording unit (after filtering and averaging). Gray traces represent the 54 epochs averaged to 

plot the blue line. 

 

Figure 8: (A) Boxplot of the tissue thickness for the goat vagus nerve #3, #4, and #5, both left (L) and right (R) samples. For each 

sample, the red cross is the mean value for all tissue thicknesses measured, while the line is the median The yellow dashed line 

indicates the average of all the tissue thicknesses measured. The orange dashed line indicates the average of the minimum tissue 

thickness found for each optical spot. (B) Histological section of the right vagus nerve of goat #3. Masson's trichrome staining 

reveals the connective tissue in blue, surrounding the nerve fiber bundles. (C) For comparison, section of a rat sciatic nerve, stained 

with Masson’s trichrome. Adapted from (Mayrhofer-Schmid et al., 2024), published under CC BY 4.0 license. 
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4. Discussion 

This work investigated the CVs of nerve fibers excited by infrared and electrical stimulation in rats and goats. Whole nerve 

recording was chosen to record a large population of neurons. The experimental results in rats show that the mean CV of ES-

excited fibers was significantly higher than that of INS-excited fibers. To the best of our knowledge, this is the first time that 

CV measurements of INS-excited axons have been performed and used to investigate the type of fibers activated by optical 

stimulation. In addition, we extended our investigation to the goat vagus nerve, which contains a higher proportion of smaller 

diameter fibers compared to the rat sciatic nerve. However, in our experiments, INS only resulted in questionable responses in 

the goat vagus nerve, underscoring the current challenges in translating this neurostimulation technique to larger nerves. 

4.1 Type of fibers excited by electrical and optical stimulation in the rat sciatic nerve 

In this work, a mean CV of 9.81±3.18 m/s was obtained in the rat sciatic nerve. It is within the range reported in the literature 

in ex vivo experiments (at room temperature) and compatible with in vivo ones (at body temperature). To our knowledge, Žužek 

et al. were the only ones to record CV in ex vivo rat sciatic nerves. They recorded a mean CV of 11.7 m/s on an excised rat 

sciatic nerve using an ES and a recording setup similar to ours (Žužek et al., 2017). Also, using an ex vivo sciatic nerve, but 

from a mouse, Cargill et al. recorded a mean CV of 10.6 m/s based on the latency of electrically evoked CNAP (Cargill et al., 

2008). However, they were unable to record optically evoked CNAP. Back to the rat sciatic nerve but under different conditions 

(in vivo experiment), Huseyinoglu et al. measured a mean CV of 58.90±2.39 m/s (Huseyinoglu et al., 2013). Similarly, Dalkilic 

et al. measured a CV of 55.7±2.6 m/s, also in the rat sciatic nerve (Dalkilic et al., 2009). A CV of 8±3 m/s was reported from 

ex vivo pig sciatic nerve (Tarotin et al., 2022). Similarly, Ribeiro et al. observed a CV of 16.7 m/s at 20°C in excised porcine 

ulnar nerve, which increased to 37.7 m/s at 37°C  (Ribeiro et al., 2024). The difference between ex vivo and in vivo experiments 

can be explained by the difference between the body temperature (37°C) and the temperature at which ex vivo experiments 

were conducted (approximately 20°C) (Dioszeghy and Stålberg, 1992; Ribeiro et al., 2024; Žužek et al., 2017).  

To account for this, temperature correction methods are often applied to estimate CV at physiological conditions. The degree 

of temperature dependence can be quantified by the Q10 coefficient, which represents the ratio between the rate of a biological 

process at two temperatures separated by 10°C (Sterratt, 2014). However, Q10 values reported in the literature vary, with 

alternative estimates of 1.15 (Rutten et al., 1998), 1.44 (Lowitzsch et al., 1977), and 1.51 (De Jesus et al., 1973). This variability 

underscores the challenges of applying a single correction factor universally. Also, these values are typically derived from 

human nerves and may not accurately reflect rodent nerve physiology. 

Nevertheless, considering a Q10 of 1.44, as reported by (Lowitzsch et al., 1977), the corrected CVs for ES and INS in the rat 

sciatic nerve were estimated to 18 m/s and 15 m/s, respectively. These values align with the CV range reported for A-α/β fibers 

(11–26 m/s) (Villière and McLachlan, 1996) and are not far from the range reported for A-δ fibers (3–14 m/s). Beyond the 

identification of precise fiber types, the measured difference of 1.7 m/s (corrected to 3 m/s at 37°C) suggests that ES and INS 

likely activate different fiber populations. Still, the interpretation of activated fiber types based on CV must remain cautious 

and other factors, such as nerve fiber myelination, should also be considered (Whitwam, 1976). 

 Finally, to avoid confusion with stimulus artifacts, we chose to calculate the CV based on the peak of the CNAP rather than 

its onset, which provides an approximation of the average CV of the excited axons (Žužek et al., 2017). Indeed, the CV of fast 

(i.e., large-diameter) fibers can be difficult to estimate due to the stimulation artifact. The rat sciatic nerve comprises a 

heterogeneous population of fibers, with large-diameter fibers contributing disproportionately to the CNAP due to their 

significant surface area and higher CVs (Birren and Wall, 1956; Castro et al., 2008; Schmalbruch, 1986). While large 

myelinated fibers dominate the nerve's cross-sectional area, smaller-diameter fibers, such as A-γ/δ and C fibers, are numerically 

more abundant and carry essential sensory and autonomic functions (Prodanov and Feirabend, 2008). The hook electrodes 

record a whole nerve rather than individual fibers, providing a good picture of the population of activated nerve fibers, but we 

may miss activity in small-diameter fibers. Thus, we cannot completely exclude that optical stimulation specifically activates 

small-diameter fibers, as expected by (Fribance et al., 2016). 

4.2 Conduction velocities of goat vagus nerve electrically excited fibers 

The ES setup, already validated in several rat experiments (Cury et al., 2022, 2021), was adapted to record the activity of 

goat vagus nerves. A mean CV of 6.47±1.25 m/s was measured in these nerves. To the best of our knowledge, CVs of goat 

vagus nerves have never been reported. The closest point of comparison found is a study of the infranodose vagus nerve in 

sheep, with CVs in the range of 6-12 m/s (Delorme et al., 1997), which is in the same range as our results. However, a mean 

CV of 72±9.24 m/s in the goat sciatic nerve at body temperature is reported in (Steffen et al., 1996). Similar values were found 

in the sheep sciatic nerve by (Steiss and Argue, 1987). These higher CV measurements than in our experiments can be attributed 
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to the distinct fiber compositions and functional roles of these nerves. The sciatic nerve is composed of fast-conducting 

myelinated fibers, allowing rapid transmission of motor and sensory signals to and from the limbs. In contrast, the vagus nerve 

is composed of an afferent-to-efferent fiber ratio of approximately 4:1, as reported in studies of mammalian vagus nerves 

(Hoffman and Schnitzlein, 1961; Verlinden et al., 2016). This higher proportion of small-diameter efferent fibers may explain 

the slower CV recorded (Delorme et al., 1997). 

Finally, the CV obtained through ES is influenced by the stimulation amplitude, with higher amplitudes typically recruiting 

later components of the CNAP (Parker et al., 2018). In our measurements, the absence of later components can likely be 

attributed to the lower stimulation amplitudes used (0.5 mA for the rat sciatic nerve and 1.5 mA for the goat vagus nerve). 

However, this does not affect the main objective of using ES, which was to estimate the CV of the fiber population first triggered 

by electrical stimulation. 

4.3 Challenges in translating optical stimulation in the goat vagus nerve 

Although our setup has been validated for recording INS-induced CNAPs in rodents, it failed to record satisfactory responses 

in the goat vagus nerve when INS was applied. Several factors could have contributed to this outcome. First, heating models 

for INS suggest that the temperature increase induced by light pulses primarily affects the superficial layers of the nerve and 

decays rapidly with tissue depth. In the rat sciatic nerve, a maximum temperature increase of approximately 7.5°C was observed 

at a depth of 100 µm and decreased with depth (Alemzadeh-Ansari et al., 2019). In addition, the heat generated by INS was 

shown to be confined within 300 µm below the optical fiber in cell culture (Liljemalm et al., 2013). This localized effect of 

INS has been demonstrated before (Tian et al., 2024; Wells et al., 2007b), but to our knowledge has never been compared in 

nerve samples of different structure and size. In the case of ES, the morphology of the vagus nerve and the organization of 

nerve fibers into multiple small bundles has been identified as a challenge to achieve homogeneous stimulation and synchronous 

recording of the vagus nerve (Pelot et al., 2020; Stakenborg et al., 2020). Similarly, Settell et al. reported a greater amount of 

connective tissue in the vagus nerve of large mammals (dog, pig, human), which may account for the increased stimulation 

threshold with ES compared to the rodent vagus nerve (Settell et al., 2020). While the electric field generated by a bipolar 

electrode decays proportionally to ~1/d², where d is the distance from the electrode (Plonsey and Barr, 1995), the intensity of 

the optical beam is expected to decay exponentially according to the Beer-Lambert law (Liljemalm et al., 2013). Therefore, we 

would expect a greater influence of the surrounding tissue thickness in the case of INS than ES. In the present work, we observed 

that the goat vagus nerve in our experiments had an average connective tissue thickness of 385±264 µm, taking into account 

multiple sites of optical stimulation around the nerve. In contrast, the rat sciatic nerve, in which we successfully recorded 

optically induced CNAPs, has a reported epineurium thickness of 133 µm (Islam et al., 2012) or 51±26 μm (Hope et al., 2018), 

depending on the study. Both values are less than the connective tissue thickness measured in the goat vagus nerve. This 

important difference in tissue thickness and reduced thermal penetration may explain the challenges in achieving optically 

induced CNAPs in the goat vagus nerve. 

However, Cayce et al. have previously successfully stimulated human dorsal spinal roots (1-2 mm in diameter) with a 2120 

nm laser (Cayce et al., 2015). The use of a 2120 nm Ho:YAG laser may have lowered the stimulation threshold compared to a 

1470 nm diode laser, as suggested by (Throckmorton et al., 2021). Nevertheless, 1470 nm or similar wavelengths have shown 

positive results in activating peripheral nerves in several studies (Alemzadeh-Ansari et al., 2019; Ansari and Zakeri, 2019; Cury 

et al., 2021; Dautrebande et al., 2018, 2016; McCaughey et al., 2010; Throckmorton et al., 2021). In addition, according to 

(Anderson et al., 2006), the 1470 nm wavelength has a 10- to 100-fold lower absorption coefficient in adipose tissue compared 

to other INS wavelengths (1870 and 2120 nm), which may limit the absorption of light in surrounding tissues. 

Finally, optical stimulation might activate only a small fraction of the neural population, undetected by our nerve electrodes 

that average activity over a large nerve section. A multi-channel recording with multiple dot electrodes covering the nerve 

periphery might be a solution (Bakkum et al., 2013; Ortiz-Catalan et al., 2013; Rozman and Ribarič, 2019). One might be 

tempted to increase the stimulation intensity to reach the stimulation threshold deeper in the nerve, but the use of pulse energies 

higher than a few mJ increases the probability of damage (Brown et al., 2020). In addition, the composition of the vagus nerve, 

which has a higher proportion of smaller diameter fibers, presents unique challenges that differ from those encountered with 

the predominantly larger motor neurons of the sciatic nerve (Noller et al., 2019). Although drawing definitive conclusions from 

exploratory experiments on the goat vagus nerve remains challenging, it does highlight the need for refined methods to enhance 

the efficacy and accuracy of INS in larger and more complex nerve structures.  

4.4 Limitations 

Our study faces several limitations that need to be acknowledged. First, the ex vivo nature of our experiments, while 

advantageous for recording single nerve action potentials in a controlled environment, presents challenges related to the 
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degradation of the nerve sample over time. In this regard, experiments were limited to ~2h to ensure nerve viability. In addition, 

conducting these experiments at ambient temperature significantly affects CV measurements and complicates direct 

comparisons with physiological data typically obtained at body temperature (Rasminsky, 1973; You and Mou, 2017). 

Furthermore, to our knowledge, a damage threshold has never been identified in ex vivo peripheral nerve samples during INS. 

Throckmorton et al. reported that radiant exposures higher than 3 J/cm² caused damage in the rat sciatic nerve in vivo 

(Throckmorton et al., 2021). Furthermore, (Wells et al., 2005) found a damage threshold of 2 J/cm² also in the in vivo rat sciatic 

nerve.  In our experiments, as we used 10 W peak pulse power and 400 µs pulse duration, the estimated radiant exposure is ~3 

J/cm². Therefore, the parameters used in our experiment could be at the upper limit of safe stimulation parameters. However, 

the risk of reaching critical temperatures at which thermal damage can occur (~60°C as reported by (Brown et al., 2020)) may 

have been reduced by starting with the sample at ambient temperature instead of ~35°C in an in vivo experiment. Still, the ex 

vivo environment allows the recording of the electrophysiological activity from a single nerve without any polluting signals 

from surrounding structures (Rapeaux et al., 2022; Ribeiro et al., 2024). 

Second, the orthodromic configuration (proximal stimulation and distal recording, see Figure 1) chosen for the rat sciatic 

nerve affects the number of fibers stimulated and recorded (Valls-Sole et al., 2016). Indeed, the number of nerve fibers decreases 

as nerve branches leave the central trunk of the sciatic nerve, resulting in a lower amplitude obtained by the second recording 

channel (Schmalbruch, 1986). However, attempts in the antidromic configuration have been unsuccessful, possibly because the 

proximal recording averages out the relatively small number of distally recorded fibers. 

Finally, in shorter nerves, late components may be masked by the main CNAP components. A different animal model with 

a greater distance between the recording units could, therefore, help to separate different CNAP components corresponding to 

different fiber types. 

4.5 Further works 

Future research in this area should address the limitations identified in the present study and further investigate the potential 

of INS in larger mammalian models. In addition, alternative recording techniques, including intrafascicular electrode recording 

(Larson and Meng, 2020), should be considered. 

Future work could focus on the deconvolution of recorded CNAPs to better identify the types of INS-stimulated fibers. Since 

CNAPs represent the summation of individual action potentials generated by nerve fibers, deconvolution could allow the 

separation of individual fiber contributions, providing a clearer picture of which fibers are being activated. This approach would 

address a key limitation of current CNAP analysis, where larger-diameter fibers often dominate the recorded signal due to their 

stronger contributions to the compound response (Krarup, 2004). Deconvolution has been explored in prior studies, although it 

remains a challenging computational problem (Dong et al., 2020). Techniques for deconvolving CNAPs have been proposed 

in human and pig models (Dong et al., 2021). However, differences in nerve fiber composition, such as the presence of myelin 

or not, make direct application of these methods to rat sciatic nerves complex (Strahl et al., 2016). Furthermore, existing 

methods are founded on assumptions regarding the distribution of nerve CV and fiber recruitment, a subject that remains 

difficult to specify for INS due to our current limited understanding of its underlying mechanisms. 

In addition to CV measurements, functional information about the effects of INS on the fiber type, including histological 

analysis, immunohistochemistry, or advanced imaging methods, could provide a clinical perspective. Moreover, by using a 

double stimulation protocol, first electrical and then optical, during the refractory period of the electrical response, the electrical 

response, which is believed to represent the largest myelinated fibers, can be removed by simple signal subtraction.  By 

incorporating these alternative approaches, the understanding of the neural mechanisms underlying INS can be pursued, perhaps 

leading to advance clinical application of INS in neuromodulation therapies. 
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 HIGHLIGHTS  
• First conduction velocity (CV) measurements using Infrared neural stimulation (INS).  
• Electrically stimulated fibers had significantly higher CV than INS-excited fibers.  
• INS may preferentially activate smaller diameter nerve fibers.  
• First recorded CV of electrically stimulated goat vagus nerves.  
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