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ABSTRACT Infrared neural stimulation (INS) uses transient near-infrared light to activate neuronal activity, likely through heat-
induced thermal gradients. However, neither the effect of basal temperature nor heat accumulation has specifically been inves-
tigated. This study examines how spatial temperature gradients, varied by different laser repetition rates and the addition of a
continuous wave laser, affect the elicitation of compound nerve action potentials (CNAPs). In addition, we investigate the role of
basal temperature. Overall, our results indicate that CNAP generation is more influenced by the induced spatial temperature
gradients than by the increase in local or basal temperature, or temperature build-up. For instance, low-power continuous
wave laser combined with low repetition rate pulsed laser stimulation successfully induced CNAPs, whereas increasing the
basal nerve temperature did not facilitate CNAP generation. A heat transfer model, consistent with the experimental data, con-
firms that, while the volume exposed to rapid temperature changes remains constant, heat accumulation increases spatial gra-
dients with the number of stimulation pulses. This likely explains the progressive recruitment of nerve fibers and the observed
increase in CNAP amplitude. Taken together, these results highlight the critical role of spatial temperature gradients in effective
infrared neural stimulation, while a temperature threshold does not appear to be the primary mechanism in CNAP triggering.
SIGNIFICANCE We developed an experimental setup in which we modulated the spatial temperature gradient imposed
on an ex vivo rat sciatic nerve by using different laser stimulation repetition rates and/or a continuous wave laser. We also
varied its basal temperature. The amplitude of compound nerve action potentials was increased in the presence of heat
accumulation. Furthermore, we demonstrated the critical role of spatial temperature gradients in infrared neural stimulation
(INS), while the temperature reached at the stimulation site may be of secondary importance in the underlying mechanism
of INS. These observations contribute to efforts to understand how transient temperature changes could activate neurons
in an effective and safe manner.
INTRODUCTION

Neurostimulation serves as a means to modulate nervous
system activity for addressing a range of conditions such
as deafness, chronic pain, neurodegenerative diseases, and
epilepsy (1). Electrical stimulation has historically been
the predominant method for neural activation. Yet, it suffers
from various drawbacks, such as stimulation artifacts inter-
fering with electrophysiological nerve recordings (2),
imprecise spatial targeting due to current dispersion, and
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(3) incompatibility with magnetic resonance imaging (4).
Alternative light-based neuromodulation techniques hold
promise for mitigating some of these limitations (5). Among
these is infrared neural stimulation (INS), a form of optical
stimulation that uses transient exposure to near-infrared
light to induce neural activity. Using near-infrared light to
stimulate nerves obviously solves the electrical stimulation
artifact issue (6). INS has been shown to be spatially selec-
tive in both the peripheral and central nervous systems
(7–9). Finally, the use of light eliminates the need for metal
leads, making the method compatible with magnetic reso-
nance imaging (10).

However, the exact mechanism underlying INS remains
unclear. Early studies primarily focused on photothermal
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mechanisms, using near-infrared wavelengths at or near the
local absorption maxima of water, typically 1450 nm (11),
1870 nm (12), and 2120 nm (13). More recently, the range
of wavelengths studied has expanded considerably. For
example, Coventry et al. demonstrated INS at 700 nm
(14), which has a lower absorption coefficient, while also
investigating stimulation at 1907 nm, which has a higher
absorption coefficient (9). In addition, Liu et al. investi-
gated midinfrared stimulation at 5600 nm, suggesting a
possible nonthermal mechanism (15). Despite these find-
ings, thermal mechanisms remain the most widely
accepted, although alternative explanations are still being
considered. Rapid heating of the nerve membrane has
been proposed to induce nanopore formation (16), activate
thermosensitive ion channels (17), or alter membrane
capacitance (18).

Works focusing on optocapacitance, i.e., the change in
membrane capacitance with light stimulation, highlighted
the crucial role of a spatiotemporal temperature gradient
(rather than a fixed temperature threshold) (18). They
showed synchronization between temperature changes dur-
ing infrared stimulation and inward currents through the
cell membrane. They suggest that temperature-induced
reduction in cell membrane thickness, thus increased mem-
brane capacitance, is responsible for these inward currents
and, in turn, for triggering action potentials (19). Further
studies have confirmed the role of membrane capacitance
in the mechanism of INS (20). Pinto et al. developed a
theoretical model to describe optocapacitive current and
suggested the need for fast (<1 ms) and localized heating
of the membrane to generate action potential (21). How-
ever, given that INS has been successfully achieved with
pulse durations exceeding 1 ms in various experiments
(9,11,22), additional mechanisms likely contribute to neu-
ral activation beyond the optocapacitance mechanism
alone.

Alternatively, Beier et al. hypothesized that INS creates
temporary nanopores in the cell membrane, leading to an in-
ward current that, in turn, generates an action potential (16).
While the need for a thermal gradient in this process is sug-
gested, uncertainty remains regarding whether it should be
temporal or spatial (16).

Finally, the excitation of heat-sensitive channels, such as
TRPV1 and TRPV4, has also been proposed as an INS
mechanism (17,23). These thermosensitive channels are
typically characterized by an activation threshold tempera-
ture that varies from 27 to over 50�C, depending on the
channel type (24). Because INS is more probably triggered
by a temperature change, rather than a temperature
threshold, the role of heat-sensitive channels is still debated
(17,23,25).

Beyond these main hypotheses for activation mecha-
nisms, a growing diversity of proposed INS mechanisms is
emerging, highlighting that multiple processes may be at
play depending on wavelength and stimulation parameters.
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For example, Entwisle et al. demonstrated that INS can
also modulate synaptic activity (26). In these in vitro
patch-clamp experiments, an increase in spontaneous synap-
tic event frequency upon infrared irradiation is shown, even
when the stimulus was insufficient to induce neuronal depo-
larization directly. In addition, a mechanism involving
nonthermal activation of potassium ion channels was
observed (15).

In parallel to the multiple works about the INS mecha-
nism, in vivo experiments helped identify the optimal INS
parameters to ensure safe and efficient neuromodulation.
INS has been achieved with pulse durations in the range
of microseconds (27), milliseconds (11), and seconds (28).
Most agree that shorter durations are more effective
(27,29–31). However, the ideal repetition rate is still
debated. In addition, the spatiotemporal temperature
gradient remains poorly specified. Rabbitt et al. showed
that a 0.5 ms pulse duration producing a temperature in-
crease of 0.25�C was insufficient for nerve activation,
whereas a sixfold higher power pulse (same pulse duration)
inducing a 1.5�C temperature increase successfully trig-
gered a response (32). Additionally, repeated stimulation
led to heat accumulation and progressive nerve inhibition.
This was observed by Lothet et al. as well, and it suggests
that both the spatial and temporal aspects of temperature
gradients influence nerve excitability, although their precise
roles were not identified, requiring further investigations
(33). In the case of nerve activation, the heat accumulation
caused by a sequence of light pulses at a repetition rate
higher than 4 Hz resulted in nerve responses of greater
amplitude (34,35). At the cellular level, Liu et al. identified
two distinct thermally induced currents: one sensitive to
rapid temperature changes (dT/dt) and another driven by cu-
mulative heating (T-sensitive). The latter, which scales with
heat accumulation, supports the idea that high repetition
rates contribute to sustained depolarization (36). While their
study did not directly assess increased sensitivity to stimula-
tion, their results suggest that the build-up of a tonic inward
current due to heat accumulation could play a role in the
reduced stimulation threshold observed at higher repetition
rates. However, former studies have not reported any impact
of the repetition rate on the recorded compound nerve action
potential (CNAP) amplitude (37–39). The potential effect of
heat accumulation induced by an increased repetition rate
needs to be clarified.

Here, we present a series of experiments aiming at inves-
tigating the respective role of the spatial temperature gradi-
ents as well as of the basal temperature level on the response
to INS. More precisely, for a given temporal temperature
gradient—linked to the peak power and pulse duration of
the stimulation—we explore various spatial gradients and
basal temperatures. First, INS responses were obtained
over a broad range of repetition rates. Next, we performed
experiments at low repetition rates but with and without
the addition of a low-power continuous wave (CW) laser
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to control the spatial temperature gradient. We then
increased the basal temperature (i.e., the temperature of
the entire nerve) to assess whether the triggering of
CNAPs is dependent on the temperature reached by the
nerve or whether it is predominantly influenced by local
heat accumulation. Temperature measurements were also
compared with simulations from a heat transfer-based nerve
model to overcome the spatial and temporal limitations of
the thermal imaging system and to reveal temperature gradi-
ents within the nerve.
MATERIALS AND METHODS

Fig. 1 illustrates the experimental setup designed to record CNAPs in an

excised rat sciatic nerve. The setup consists of an acquisition chain for

recording the electrophysiological activity of the nerve, an optical stimu-

lator, and an electrical stimulator (for control). A halogen bulb was used

to increase basal nerve temperature. In addition, a thermal camera was

used to monitor the temperature at the surface of the sciatic nerve sample,

allowing for the observation of spatiotemporal temperature gradients

induced by INS. The experiments were performed on ex vivo rat sciatic

nerve, rather than in vivo, to enable accurate monitoring of the temperature

at the sample’s surface, exclude interfering spontaneous electrophysiolog-

ical activities, and minimize possible effects of anesthetic drugs. Experi-

ments were performed at room temperature (except when investigating

the impact of the basal temperature level) rather than at body temperature.

Starting with a lower sample temperature allows to study heat accumulation

and its effect on INS limiting temperatures above 43�C, where thermal

damage has been observed by Wells et al. (12).
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FIGURE 1 Schematic view of the experimental setup.
Electrical recording and stimulation

A custom acquisition chain was developed to record nerve electrical activ-

ity with greater modularity and sensitivity than commercially available

systems. A pair of electrodes provides a bipolar recording of the electro-

physiological activity of the nerve (see Fig. 1). A reference electrode is

placed between the recording and stimulating electrodes to minimize the

amplitude of the stimulation artifact. All electrodes are made of 99.99% sil-

ver wire with a diameter of 250 mm (Sigma-Aldrich, Hoeilaart, Belgium).

Beyond the electrodes, the acquisition chain consists of a preamplifier

(gain: 40 dB) followed by an amplifier (gain: 28 dB), an isolation stage

(gain: �10 dB), and a filter stage (first-order high-pass, second-order

Sallen-Key low-pass) with a bandwidth of 10–8000 Hz. The overall resolu-

tion of this channel is 0.20 mV with a dynamic range of 53.46 mV, both

referred to the input. The measured RMS noise is 0.43 mV, also referred

to the input. The amplified and filtered output is digitized by a DAQ

(USB-6212, National Instrument, Austin, TX) at a sampling rate of

40 kHz. The data are processed using MATLAB (The MathWorks, Natick,

MA). This recording setup is described in detail in (35,40–42).

The DAQ also interfaces with the current-controlled stimulator. The

stimulator generates biphasic square current pulses (negative pulse of

0.2 ms, followed by an interphase delay of 10 ms, and finally a recovery

pulse of 0.2 ms with opposite polarity) ranging from 10 to 500 mA. The

same electrical stimulator has been used in (35,41).
Infrared lasers and thermal camera

The infrared laser for the optic neural stimulation is a NeoV 1470 nm

pulsed diode laser from NeoLaser (Caesara, Israel). It is a compact

diode laser that emits trains of light pulses with a fixed peak power

(10 W) and a variable repetition rate (0.5–20 Hz). The pulse duration

is set to 400 ms to deliver a pulse energy of 4 mJ to the nerve. A multi-

mode fiber (numerical aperture 0.39, core diameter 400 mm, NeoLaser)

that gently touches the surface of the nerve delivers the light to the sam-

ple (see Fig. 1).

A CW Raman laser (Raman Laser RFL-1455-40, Keopsys, Lannion,

France) emitting light at a wavelength of 1455 nm was used in some exper-

iments to control the heat accumulation irrespective of the pulse energy

and repetition rate of the optical stimulation signal. A 90/10 coupler

(TT400R2S2B, Thorlabs, Newton, NJ) was used to combine the output

of the pulsed diode laser (90%) and the output of the CW Raman laser

(10%). The combined beam (pulsed and continuous) was delivered to the

nerve via a 400 mm multimode fiber with a numerical aperture of 0.39.

A GOBI-640þ thermal camera (Xenics, Leuven, Belgium) provided

640 � 480 pixel images with a maximum frame rate of 62 fps. It offers a

detector NETD (noise equivalent temperature difference) of 50 mK and

an integration time of 25 ms. The spatial resolution of our setup has been

characterized and is equal to �0.24 mm. The thermal image was calibrated

using a thermistor placed in the camera’s field of view. This calibration step

allows the thermal image to be independent of the lens temperature. All

temperatures mentioned in the results section were extracted from the cali-

brated thermal image.
Surgical procedure

The experiments were conducted on sciatic nerves excised from male Wis-

tar rats between 2.5 and 5 months old. All procedures were in accordance

with a protocol approved by the Ethics Committee for Animal Experimen-

tation at UCLouvain (2022/UCL/MD/011), in compliance with the Euro-

pean Convention ETS 123. The animals were housed under a 12-h day/

night cycle with controlled temperature and humidity. Ad libitum access

to food and water was provided. The surgery procedure described here-

after was already used in previous works (35,41,42). Anesthesia was per-

formed with an intraperitoneal injection of ketamine (100 mg/kg body
Biophysical Journal 124, 1401–1413, May 6, 2025 1403



Vande Perre et al.
weight) and xylazine (7 mg/kg body weight). It was maintained by bolus

injections of ketamine (60 mg/kg body weight) until the animal was sacri-

ficed. The depth of anesthesia was monitored by withdrawal reflex to

noxious paw stimulation every 10 min. The surgery began with a skin inci-

sion on the lateral side of the hind limb from the knee to the hip region.

The sciatic nerve was exposed after blunt dissection between the gluteus

superficialis and biceps femoris muscles. The sciatic nerve was periodi-

cally irrigated with 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 Scientific, Brussels, Belgium)

at room temperature to prevent desiccation during surgery. After the nerve

was carefully dissected free of surrounding tissue, a piece of suture was

tied around it as close as possible to the knee joint at one end and to

the spine at the other. The nerve was then cut free beyond the sutures,

leaving a 30–35 mm nerve segment tied at each extremity. The ties prevent

cytoplasmic leakage and allow gentle nerve handling by holding both su-

tures. The nerve was then placed in an oxygenated Krebs-Ringer solution

at room temperature for 20 min to allow the excised sample to recover

before CNAP recordings. The solution (50 mL) was previously gassed

with pure oxygen (3 L/min) for 60 min.
Ex vivo experimental protocol

After nerve excision, the sample was placed on the electrodes. The nerve

was moistened with an oxygenated Krebs-Ringer solution every 5 min to

prevent desiccation, but it was not immersed in the fluid. The functional

state of the ex vivo samples was checked by the production of a CNAP

with electrical stimulation (300 mA amplitude and 0.2 ms biphasic pulses).

The experiment was stopped when the sample no longer produced CNAPs,

approximately 2 h after the excision of the nerve.

The optical fiber was placed onto the nerve at a fixed position and left

untouched. This is important because the recording of the nerve response

to optical stimulation is sensitive to the placement of the optical fiber on

the nerve. This can be explained by the high spatial selectivity of the

INS (43,44). Therefore, the repetition rate and the spatial temperature

gradient imposed on the nerve are the only parameters that vary in the pro-

tocol described below.

In our previous works, a sensitization effect was observed at a repetition

rate of 10 Hz (35,41). In the first set of experiments, 10 Hz stimulation was

performed to verify the nerve responsiveness to INS. Then, lower (2, 5,

7.7 Hz) and higher (12.5, 26.6, 20 Hz) repetition rates were applied to seven

rat sciatic nerves, five of which responded, to assess the effect of repetition

rate on spatial gradient and to determine how heat accumulation affects

CNAP elicitation.

In the second set of experiments, performed on four rat sciatic nerves,

three of which responded, the pulsed laser beam was used at a low repetition

rate (2 or 0.5 Hz) to minimize heat accumulation. However, the spatial

gradient observed during the 10 Hz stimulation trial was reproduced with

a CW laser. The illumination power on the sample of the CW laser was

thus set to 40 mW so that its average power corresponds to the 10 Hz pulse

train. However, in the second half of the pulse train, the CW laser was

turned off to observe the result of the dissipation of the accumulated heat

on the CNAP generation.

The third set of experiments, performed on eight rat sciatic nerves, all re-

sponders, involved a uniform heating. First, the reactivity of the nerve sam-

ple to INS was tested at a repetition rate of 10 Hz with the nerve at room

temperature. The nerve temperature was then uniformly increased with a

halogen lamp to reach a basal temperature close to the onset temperature

observed at 10 Hz (�40�C). Next, we used a 1 Hz repetition rate to test

whether CNAPs could be elicited without heat accumulation, but at an

elevated basal temperature. The nerve was then allowed to cool before

repeating the 10 Hz stimulation to confirm the ability of the nerve to pro-

duce optically induced CNAPs. The value of 1 Hz was chosen as a good

compromise between avoiding heat accumulation and a reasonable

recording time.
1404 Biophysical Journal 124, 1401–1413, May 6, 2025
Data analysis

All calculations and postprocessing were performed using MATLAB. The

nerve response was filtered with a third-order Butterworth bandpass filter

(200–1000 Hz).

To analyze the results of our experiments, we consider different temper-

ature quantities (Tcenter and Ttransverse) at key moments of the pulse train.

Tcenter, which is the temperature of the pixel closest to the center of the

optical spot (see, e.g., in Fig. 2 A). The temperature build-up, which quan-

tifies the temperature increase caused by heat accumulation, is calculated

as the difference between the local onset temperature (i.e., Tcenter before

the first pulse that induced a CNAP) and the basal temperature (i.e., the

average of Tcenter before the start of optical stimulation). When no

CNAPs were recorded, the local maximum temperature is defined simi-

larly to the local onset temperature, but measured before the last stimula-

tion pulse, where its value was the greatest. Finally, regarding the spatial

temperature gradient and its evolution, we considered Ttransverse, measured

immediately after each stimulation pulse when Tcenter reaches its

maximum. The function Ttransverse is defined as the temperature of the

pixels on a horizontal line (following the nerve) passing through the center

of the optical spot (see Fig. 3). The spatial gradient is defined as the ratio

of the peak height of Ttransverse to the full width at half-maximum, as

shown in Fig. 3 B.

To validate the presence of CNAPs in the signal, we implemented a

two-step algorithm. First, the RMS value of the signal in the 1–4 ms win-

dow following a stimulation (expected CNAP latency based on previous

experiments) was compared with the baseline activity (evaluated in a

window from 22 to 25 ms after stimulation time, where there is no

CNAP). A CNAP was considered if its RMS value was greater than

two times the standard deviation of the background window RMS

(as commonly practiced in signal processing (45)). Based on this initial

selection of CNAPs, a minimum of 3 epochs 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 tem-

plate was computed to quantify their similarity. A CNAP was considered

present if the cross correlation of the template with a 1–4 ms window

following stimulation (where a CNAP is expected) was greater than

two times the standard deviation of the cross correlation of the template

with the baseline signal (see Fig. 2 E). The CNAP onset was determined

as the first CNAP of at least three consecutive CNAPs identified as

genuine.
Statistical tools

The Wilcoxon signed-rank test was used for paired observations. The Wil-

coxon rank sum test was used for independent sample comparisons.

Because temperatures and spatial gradient measurements are expected to

be higher with CNAP observations than without them, one-tailed tests

were used with a 5% significance level.

Linear regression was performed using a least-squares fit of the data. The

coefficient of determination (R2) was reported to assess the goodness of fit.

Additionally, the norm of the residuals (SS) is provided, as it remains infor-

mative even when the mean of the data is close to the trendline.
Heat transfer modeling

The aim of the model was twofold: first, to investigate the thermal gradient

and its evolution over time inside the nerve and, second, to complement the

measurements obtained with the thermal camera, which is limited in both

spatial and temporal resolution.

As in our experiments, the nerve is subjected to localized periodic

pulsed heating (3 s pulse train with 4 mJ pulse energy at 10 Hz repeti-

tion rate). In addition, thermal conduction within the nerve and convec-

tive/radiative exchange with the surrounding air are considered. The
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model is based on common partial differential equations (PDEs) of heat

transfer, which are not fully described here but are available in the sup-

porting material. Since the goal is mainly a qualitative comparison with

the experiments, we simplified the geometry to a 2D representation

while adjusting the thermal coefficient to maintain consistency with

the real 3D problem. We focused on an isolated cylindrical nerve,

5 mm long and 1 mm in diameter, with the understanding that heat dissi-

pation occurs within a confined area. The heat source was modeled as a

triangle with dimensions (base of 400 mm and height of 350 mm) based
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RESULTS

Impact of the repetition rate

In previous work, we observed an increase in CNAP ampli-
tude when using a repetition rate of around 10 Hz (35).
Therefore, in this experiment, different repetition rates
were used to measure the evolving spatial temperature
gradient and its effect on the INS response. Fig. 2 illustrates
the result of a pulse train at a repetition rate of 10 Hz with a
clear sensitization effect (rat no. 3). Fig. 2 B shows the nerve
temperature at the center of the laser spot (i.e., Tcenter) over
time. The temperature increases due to the heat accumula-
tion generated by the successive optical stimulations. Each
light pulse induces a temperature jump of �2�C in the re-
corded thermal image. It should be noted that the value of
the light-induced temperature peaks varies slightly from
experiment to experiment, despite the constancy of the light
pulse parameters. This is due to the dynamics of heat trans-
port, which will be discussed in more detail later, and to the
limited spatial and temporal resolution of the thermal imag-
ing setup. The electrophysiological recording, presented in
Fig. 2 C, illustrates the regular triggering of CNAPs syn-
chronized with the light pulse delivered at a repetition rate
1406 Biophysical Journal 124, 1401–1413, May 6, 2025
of 10 Hz. Fig. 2 D (top) shows a closer view of the CNAP
onset. Fig. 2D (bottom) shows one of the highest amplitudes
CNAP, triggered by stimulation no. 42. The CNAP ampli-
tude increase is evident in Fig. 2 C and detailed in
Fig. 2 D. As individual action potentials have a constant
amplitude, the increase in CNAP amplitude corresponds to
the recruitment of additional fibers by later pulses and has
been termed the sensitization effect. In this specific experi-
ment, the onset of the responses was observed after reaching
a local temperature build-up of 12.9�C, corresponding to an
onset temperature of 31.9�C. However, after just over 4 s of
stimulation, a decrease in CNAP amplitude was observed.

In Fig. 4, we plot Tcenter over time and the associated elec-
trophysiological signal for three different repetition rates
(rat no. 5). A noticeable difference is observed between
the onset and the build-up temperatures required for detect-
ing the CNAP response. At a 10 Hz repetition rate, the
CNAP emerges at stimulation no. 35, with a local onset tem-
perature of 30.0�C and a build-up of 14.7�C. In contrast, for
the 20 Hz repetition rate, the CNAP appears much sooner
(i.e., at stimulation no. 9), at a local onset temperature of
26.9�C and a build-up of 9.4�C. Interestingly, the 5 Hz stim-
ulation pulse train did not elicit a CNAP, despite a local
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linear regression fitted to the data from each set.

The coefficient of determination (R2) and the

norm of the residuals (SS) is given for each linear

regression. (B) Alternative plot to compare the

local temperature, the temperature build-up, and

the spatial gradient between the onset of CNAP tri-

als in successful trials (green bars) and the last

pulse of no CNAP trials, where the highest param-

eter values were obtained (red bars). A significant

difference is indicated by an asterisk (p < 0.05).
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maximum temperature above 27�C being reached. On the
other hand, the spatial gradient induced by the last pulse
of the sequence at 5 Hz is 12.4�C/mm, which is much lower
than the 20.6 and 22.6�C/mm measured at the onset of
CNAP triggering at, respectively, 10 and 20 Hz.

A total of 14 trials were performed on 5 rats. Fig. 5 A
shows the temperature of the optical spot and the spatial
gradient as a function of the repetition rate. For unsuccessful
trials (red crosses), local maximum temperature and
maximum spatial gradient increased linearly with the repe-
tition rate (R2 ¼ 0.91 and R2 ¼ 0.92, respectively). CNAP
onset data (green circles) show that a 10 Hz repetition rate
is necessary to record CNAPs with our setup (only one
exception at 7.7 Hz). Interestingly, linear regression analysis
reveals that the spatial gradient at CNAP onset remains
largely independent of the repetition rate, as does the onset
temperature. This is reflected in the low R2 values (R2 ¼
0.02 and R2 ¼ 0.25, respectively), suggesting that these pa-
rameters do not show a clear trend with the repetition rate.
However, despite the low R2, the data fit reasonably well
to a horizontal trend line, as indicated by a sum of residuals
that is not excessively large (SS ¼ 13.96�C/mm and SS ¼
7.90�C). This suggests that, while individual variability ex-
ists, our results support the idea that a threshold gradient
must be reached to observe nerve activation.

Fig. 5 B compares the local temperature, temperature
build-up, and spatial gradient for the onset of successful tri-
als and for the last pulse of unsuccessful trials. The local
temperature and the temperature build-up were not signifi-
cantly different. In contrast, the mean spatial temperature
gradient required to trigger CNAPs was 23.2 5
4.7�C/mm, significantly higher than the one in failed trials
(13.1 5 5.6�C/mm).

Overall, this series of experiments provides a first insight
into the importance of the spatial temperature gradient,
which should be above �20�C/mm to trigger a CNAP.
Effect of local heat accumulation

In this second experiment, we used low repetition rates
(%2 Hz) in the presence or absence of a CW laser, which
was used to control the heat accumulation independently
of the repetition rate. The CW laser was switched on syn-
chronously with the pulsed laser stimulations. As shown
in Fig. 6 A, CNAPs were evoked from stimulation no. 8 until
the CW laser was turned off (after stimulation no. 20).
Fig. 6 B shows the temperature profile Ttransverse at key mo-
ments of the stimulation trial. Logically, the local tempera-
ture and the build-up temperature increase with the number
of pulses when the CW laser is switched on, starting at
30.1�C (stimulation no. 8) and reaching 36.7�C (stimulation
no. 20). At the end of the CW heating, it decreases to 31.2�C
(stimulation no. 21) but is still higher than the onset temper-
ature. Similar observations can be drawn from the build-up
temperature. In contrast, the spatial gradient varies slightly
between the onset pulse (22.6�C/mm at stimulation no. 8)
and the last CNAP pulse (22.9�C/mm at stimulation
no. 20), but drops down to 13.6�C/mm after CW termination
(stimulation no. 21). This was observed across all experi-
ments. Fig. 6 C further illustrates this comparison for the
three experiments conducted, showing that the local temper-
ature and temperature build-up increase with the pulses,
while the spatial gradient remains similar for the onset
and the last CNAP, suggesting that the increase in CNAP
amplitude is related to the heat accumulation occurring
with the help of the CW laser. In addition, the local temper-
ature and the temperature build-up are in the same range at
the onset and after CW heating, while the spatial gradient
decreases significantly after the CW laser is turned off, coin-
ciding with the cessation of CNAPs.

Another exciting finding is the effectiveness of a low
repetition rate, 0.5 or 2 Hz, which also induces CNAPs
with progressively increasing amplitude, simultaneously
with increasing heat accumulation. Globally, this second
Biophysical Journal 124, 1401–1413, May 6, 2025 1407
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FIGURE 6 (A) Measured temperature increase and electrophysiological signal obtained in rat no. 6 for a sequence of about 40 pulses with a repetition rate

of 2 Hz. CW laser heating is represented by the red bar, and the red dashed line marks its end. The optical pulse sequence is also shown, in orange. The black

dashed line indicates the onset of the CNAP elicitation. (B) Temperature along the nerve for the 8th (onset), 20th (last CNAP), and 21st (post-CW) stimulation

epochs. (C) Summary of the temperature measurements obtained during the three experiments (five stimulation trials). Data are shown in green for the onset

pulse, in orange for the last CNAP and in purple for the pulse after cessation of the CW laser (resulting in the CNAP stopping). Significant differences are

indicated by an asterisk (p < 0.05).
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set of experiments suggests that the spatial gradient, rather
than the repetition rate alone, is the key factor in CNAP trig-
gering, while local temperature or temperature build-up
would play a secondary role in this mechanism.
Impact of basal temperature

In this experiment, the basal temperature of the whole nerve
is increased to assess whether the triggering of CNAPs is
influenced by the temperature of the nerve or whether the
localized temperature increase predominates over the tem-
perature reached. Fig. 7 A illustrates an experiment in which
a high basal temperature and low stimulation rate trial is
compared with a low basal temperature and high stimulation
rate (10 Hz) trial. A local temperature of 39.4�C was
required to observe the first CNAP at 10 Hz. Increasing
the nerve’s basal temperature to 43.6�C was insufficient to
evoke a CNAP with light pulses at 1 Hz. Interestingly, the
temperature profiles (Fig. 7 B) show a very different spatial
temperature gradient between these two experiments
(18.4�C/mm at 10 Hz vs. 6.2�C/mm at 1 Hz).

In Fig. 7 C, we show these results for experiments per-
formed on eight animals. In all experiments, CNAPs were
successfully evoked at a repetition rate of 10 Hz. In contrast,
in only two animals (rats 13 and 15), CNAPs were evoked at
a stimulation rate of 1 Hz at a basal temperature of 35.7 and
34.4�C. In the six remaining animals, the increase in basal
temperature combined with a 1 Hz repetition rate did not
evoke CNAPs. The mean spatial temperature gradient of
15.69 5 7.35�C/mm at the onset of the successful trials
was significantly higher than the 5.85 5 2.28�C/mm in
the case of the absence of CNAPs during the 1 Hz stimula-
tion trials. These results qualitatively and quantitatively
1408 Biophysical Journal 124, 1401–1413, May 6, 2025
emphasize the importance of the spatial gradient, over the
basal temperature, in CNAP generation.
Heat accumulation modeling

We used our computational model to analyze thermal
gradient evolution during INS and complement thermal im-
aging data obtained in our experiments. Fig. 8 B shows a 2D
map of the simulated temperature within the nerve after 2 s
of 10 Hz stimulation with a 4 mJ pulse energy. Fig. 8 A
shows the temperature profile at a depth of 200 mm. We
can see that the heat diffusion impacts the nerve temperature
over a few millimeters. The surface temperatures were ex-
tracted from the simulation results (Fig. 8 C) and compared
with experimental results. The temperature at the center of
the optical spot gives us the highest temperature on the
nerve (it is not measurable in a practical experiment because
the optical fiber hides it). In fact, each pulse induces a tem-
perature jump of 10�C, while our thermal imaging system
only records a jump of 2�C. Therefore, in our model, we
took the temperature at a distance of 1 pixel (72 mm) from
the optical spot (i.e., the first pixel seen by the camera).
We see then that the simulations globally agree with the
measured temperatures, although heat dissipation seems to
be more important in real conditions. Fig. 8 D shows the
temporal evolution of the spatial temperature gradient at
different nerve depths. Values between 10 and 22�C/mm
were obtained at the surface of the nerve, similar to what
was measured in the experiments. In accordance with our
measurements, the spatial temperature gradient increases
with time. Although the model provides qualitative informa-
tion, we show in the figure the average spatial gradient
required to trigger a CNAP over the 13 experiments that
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we performed with a 10 Hz repetition rate. It shows that only
a portion of the nerve, within a given depth and after a given
stimulation time, is affected by a spatial gradient greater
than 20.0�C/mm. Another interesting observation from
this model is that the volume experiencing a given temper-
ature increase (DTpulse) is small and remains relatively con-
stant over time, despite the cumulative heat generated
during the light pulse train (as shown in Fig. 8 E). This result
is consistent with the high spatial selectivity of the INS, as
only the volume within 300 mm of the surface experiences
a similar temperature change. Therefore, a combination of
a rapid temperature change and an increasing spatial
gradient appears to be the main cause of CNAP generation
and CNAP amplitude increase.
DISCUSSION

This study investigates how spatial temperature gradients in-
fluence INS responses at a fixed pulse energy. CNAP gener-
ation was more dependent on the spatial temperature
gradient than on the local temperature or heat build-up. In
the 16 experiments performed, 15–35�C/mm spatial gradi-
ents were required to elicit CNAPs. Considering only the
13 experiments where 10 Hz repetition rate was used, an
average spatial gradient of 20.05 5.4�C/mm was measured
at CNAP onset. In contrast, the local temperature or temper-
ature build-up did not significantly differ when stimulation
led to a CNAP compared with unsuccessful stimulation.
Moreover, uniformly increasing the basal nerve temperature
(up to 43.8�C) did not facilitate CNAP generation. Numer-
ical simulations confirmed that, while the area exposed to
significant pulse-induced temperature changes remained
constant, the volume experiencing large spatial gradients
increased over time, explaining the progressive recruitment
of nerve fibers. These results emphasize the critical role of
spatial temperature gradients in CNAP amplitude increase,
while the temperature reached at stimulation may be of sec-
ondary importance.
Biophysical Journal 124, 1401–1413, May 6, 2025 1409
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Impact of repetition rate and heat accumulation

We recorded CNAPs at different repetition rates. A high
repetition rate (here of at least �10 Hz) was required to
trigger CNAPs, a result already obtained with ex vivo
(35), in vivo, and in silico experiments (34). The latter study
used a modified Hodgkin-Huxley model to account for the
effect of heat accumulation and noted a decrease in stimula-
tion threshold caused by an increased nerve basal tempera-
ture. However, our current results showed an increase in
CNAP amplitude that is likely related to a spatial tempera-
ture gradient rather than an increase in basal temperature.
While Izzo et al. did not report an effect of repetition rate
on CNAP amplitude (37), key differences exist between
their study and ours. First, they recorded from a single audi-
tory nerve fiber in the gerbil cochlea, whereas we examined
compound nerve activity in the rat sciatic nerve. Second, the
cochlear nerve was immersed in a fluid, facilitating heat
dissipation, potentially reducing the effects of cumulative
1410 Biophysical Journal 124, 1401–1413, May 6, 2025
heating we observed in our setup. Additionally, Thompson
et al. used a computational model predicting minimal heat
accumulation at repetition rates up to 10 Hz in the cochlear
nerve (39), which may explain the lack of sensitization ef-
fects in that context.

Although few studies have investigated the sensitization
effect in the context of nerve activation, similar effects
have been reported in studies on nerve inhibition. Duke
et al. demonstrated that heat accumulation can shape nerve
activity, with high repetition rates leading to progressive
conduction block (47). Similarly, Lothet et al. reported a
gradual inhibition of slower nerve components under
infrared stimulation, likely due to cumulative heating effects
(33). These findings align with our observations and further
highlight the role of thermal dynamics in INS-induced neu-
ral modulation.

A major drawback of the resulting heat accumulation is
the risk of cellular damage induced by prolonged thermal
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exposure. The observed decrease in CNAP amplitude at a
20 Hz repetition rate underscores the possibility of damage
with excessive heat accumulation. Previous authors have
warned against the possibility of thermal damage induced
by heat accumulation (12,30). In our experiments, a
decrease in CNAP amplitude at a repetition rate of 20 Hz
was observed and is consistent with the possibility of dam-
age from excessive heat accumulation. However, we miti-
gated this risk by working at room temperature during
high repetition rate experiments. Even then, the temperature
reached at the surface of the ex vivo sciatic nerve was still
close to the identified thermal damage threshold. Therefore,
a combination of functional assessment for the absence of
damage (as was done in this study) and histological evalua-
tion of the specimen is still needed to identify the safe limits
of high repetition rate stimulation and the combination of
CWand pulsed laser. Future work should include in vivo ex-
periments to investigate heat dissipation into surrounding
tissues.
Impact of basal temperature

In this study, we did not find any effect of the basal temper-
ature of the nerve on its ability to generate CNAPs, which
contrasts with some of the existing literature. The thermo-
sensitive ion channel TRPV4 is known to be activated above
27�C and, thus, Albert et al. anticipated a temperature
threshold as an INS triggering parameter (17). Furthermore,
a modified version of the Hodgkin-Huxley model has previ-
ously demonstrated that an elevated basal nerve temperature
correlates with a reduced energy threshold for electrical
stimulation (34). While our results suggest that increasing
the basal nerve temperature has little effect on CNAP elici-
tation, it is noteworthy that CNAPs were recorded in two
of the eight animals, when the basal temperature was
increased. This provides a nuanced perspective, suggesting
that, while the temperature reached may not be as influential
as expected, it may play a role. In addition, one might ques-
tion the presence of TRPV4 ion channels in rat sciatic nerve,
but Feng et al. demonstrated the physiological importance
of these ion channels in the peripheral nervous system
(48,49). However, the absence of a temperature threshold
for CNAP triggering is compatible with highly compelling
hypotheses of membrane optocapacitance (18) and nanopo-
ration (16) as driving mechanisms of INS.
Temperature spatial gradient measurement and
numerical modeling

Heat transfer during optical stimulation has been studied for
a long time. Using a thermal camera, Wells et al. measured a
temperature increase of 10–20�C in function of the pulse en-
ergy (12). Liljemalm et al. developed a numerical model for
in vitro experiments and found a peak temperature of 14�C
but used a smaller optical fiber diameter (100 mm) than we
used (50). More recently, simulation studies of heat transfer
in an axonal model during INS with a repetition rate above
5 Hz have been performed (34,51). Using a pulse energy of
4 mJ, as in our experiments, they found a temperature in-
crease of 17.2�C after 1 s of stimulation (5 pulses) at a repe-
tition rate of 5 Hz with their model (51). Based on the
temperature profile after 5 pulses of 4 mJ, a spatial gradient
of 29.7�C/mm is calculated, which is in the range of the gra-
dients measured in our experiments. Overall, our numerical
modeling is consistent with the results found in the litera-
ture. Furthermore, the combination of simulation, thermal
imaging, and neural activity recording leads us to two
main conclusions. First, the model confirmed the stability
of the rapid pulse-induced temperature increase, indepen-
dent of the local temperature. Second, we showed that the
spatial gradient at a given depth increases with repeated
stimuli. This means that the number of fibers experiencing
a given spatial gradient increases with the number of pulses.
This increase in fiber recruitment with the accumulation of
light pulses could explain the increase in CNAP amplitude
observed experimentally.
Limitations and further work

Recording single-nerve activity was crucial for studying
CNAP generation and amplitude, particularly in relation to
the spatial temperature gradient. However, CNAPs have
small amplitudes, making their detection more challenging
compared with the larger compound muscle action poten-
tials commonly used in INS research (52–54). Future
work could explore more selective techniques, such as inter-
or intrafascicular recording (55), which may offer insights
into the type of nerve fibers affected by INS, still debated
(14,33,53,56). Finally, our results suggest that optimizing
spatial gradients can enhance fiber recruitment and improve
INS protocols. While the precise activation mechanisms
remain to be fully elucidated, our results highlight the crit-
ical role of spatial gradients rather than absolute tempera-
ture increases. In particular, combining pulsed stimulation
with a CW laser to modulate heat accumulation may provide
a more refined approach to control nerve activation. Future
studies should investigate how in vivo heat diffusion and
physiological temperature regulation affect spatial gradient
formation, which will be essential for optimizing INS appli-
cations in clinical settings.
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