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ABSTRACT A new method for in vivo neural activation using low-intensity, pulsed infrared light exhibits advantages over
standard electrical means by providing contact-free, spatially selective, artifact-free stimulation. Here we investigate the
biophysical mechanism underlying this phenomenon by careful examination of possible photobiological effects after absorption-
driven light-tissue interaction. The rat sciatic nerve preparation was stimulated in vivo with a Holmium:yttrium aluminum garnet
laser (2.12 mm), free electron laser (2.1 mm), alexandrite laser (750 nm), and prototype solid-state laser nerve stimulator (1.87
mm). We systematically determined relative contributions from a list of plausible interaction types resulting in optical stimulation,
including thermal, pressure, electric field, and photochemical effects. Collectively, the results support our hypothesis that direct
neural activation with pulsed laser light is induced by a thermal transient. We then present data that characterize and quantify
the spatial and temporal nature of this required temperature rise, including a measured surface temperature change required for
stimulation of the peripheral nerve (6�C–10�C). This interaction is a photothermal effect from moderate, transient tissue heating,
a temporally and spatially mediated temperature gradient at the axon level (3.8�C–6.4�C), resulting in direct or indirect activation
of transmembrane ion channels causing action potential generation.

INTRODUCTION

The basis of this work is to reveal the mechanism by which

pulsed laser light can be used for contact-free, damage-free,

artifact-free stimulation of discrete populations of neural

fibers. We have previously shown that a pulsed, low-energy

laser beam elicits compound nerve and muscle action poten-

tials, with resultant muscle contraction, which is indistin-

guishable from responses obtained with conventional bipolar

electrical stimulation of the rat sciatic nerve in vivo (1,2).

The stimulation threshold (0.3–0.4 J/cm2) at optimal wave-

lengths in the infrared (2.1, 1.87 mm) is ;2.5 times less than

the threshold at which histological tissue damage occurs

(0.8–1.0 J/cm2). Although our studies have shown that

optical stimulation is an effective and advantageous method

for stimulation, the obvious question of the underlying mech-

anism is largely unanswered. Before we can understand the

biological mechanism responsible for transient optical nerve

stimulation, it is critical to consider the effects in neural

tissue upon light interaction. Realization of these biophysical

processes will ultimately help to refine an optimal laser

parameter set to effectively target the diverse morphology of

neural tissue types as well as identify possible clinical appli-

cations and limitations for this nerve stimulation modality.

Initially, it is important to build a conceptual understand-

ing of the laser-tissue interactions that occur during optical

nerve stimulation. The use of lasers in medical procedures

can be grouped into two distinct categories: therapeutic and

diagnostic or imaging applications. Regardless of the appli-

cation, the interaction between the laser and biological tissue

results in light distribution and absorption leading to subse-

quent photobiological effects. These effects can be separated

into three potentially mechanistic categories: 1) photochem-

ical, 2) photothermal, and 3) photomechanical (for review

see Jacques (3)). The duration of the laser exposure, which is

largely similar to the interaction time itself, together with the

wavelength distinguish and primarily control these photo-

biological processes. It is worth noting here that others have

previously demonstrated action potential generation in neu-

rons through chemical, thermal, and mechanical means (4–6).

Photochemical effects depend on the absorption of light to

act as a reagent in a stoichiometric reaction catalyzed by a

specific photosensitizer. An example of a photochemical ef-

fect is the production of reactive chemicals (ultimately lead-

ing to oxygen radicals) reported in photodynamic therapy by

the combination of an injected extrinsic dye and light (7–9).

Frequently, low-level light therapy is also attributed to pho-

tochemical interactions thought to target natural intrinsic

agents, although this is not scientifically ascertained (10,11).

Photothermal effects result from the transformation of ab-

sorbed light energy to heat, which may lead to hyperthermia,

coagulation, or ablation of the target tissue (12). Photome-

chanical effects are secondary to rapid heating with short

laser pulses (,1 ms) that produce mechanical forces, such as

explosive events and laser-induced pressure waves able to

disturb cells and tissue (13,14). The latter can be further sep-

arated into three distinct categories, including thermoelastic
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expansion, ablative recoil, and expansion secondary to temper-

ature increase or phase change (15).

In a majority of therapeutic laser applications, laser-tissue

interaction is mediated by a thermal or thermomechanical

process depending on the operational parameters of the

laser, such as wavelength (l), pulse duration (t), and laser

radiant exposure or irradiance. Typically, laser radiant ex-

posure (J/cm2) associated with most therapeutic procedures

results in either reversible or nonreversible thermal or me-

chanical alterations of the tissue. The key parameter, wave-

length, determines light distribution in the tissue dictated by

wavelength-dependent optical properties. The energy den-

sity and subsequent temperature rise resulting from absorp-

tion of optical energy is inversely proportional to the

penetration depth and, depending on the laser radiant

exposure, a temperature increase is induced in the tissue

(for comprehensive review see Thomsen (16)). In general,

the objective is to damage tissue locally by exploiting high

spatial precision and the ability to couple laser light into

fiber optics for minimally invasive delivery to the tissue

(17). Although optical nerve stimulation does exploit these

distinctive delivery advantages, the result of this technique

is a stimulation effect in tissue rather than destruction.

Although photochemical processes are often governed by a

specific reaction pathway, photothermal effects are nonspe-

cific and are mediated by absorption of optical energy and

governed by fundamental principles of heat transport. Sub-

sequent effects in the target tissue are determined by the tem-

perature rise and the duration of the temperature exposure as

described by an Arrhenius rate process (18).

The hypothesis for this research asserts the biophysical

mechanism responsible for pulsed laser stimulation of the

nerve tissue is thermally mediated (thermal or thermome-

chanical processes) leading to direct activation of action

potentials. This hypothesis is based on previous work dem-

onstrating that the stimulation threshold varies as a function

of tissue absorption (2). The null hypothesis postulation

forms the experimental strategy to evaluate the contributions

from other possible photobiological laser tissue interactions,

such as photochemical, electric field, and photomechanical

effects. The purpose of this article is to provide the scientific

community with a conceptual understanding of the under-

lying mechanisms by which pulsed laser light allows

selective excitation of neural tissue through both theoretical

calculations and experimental evidence gathered from ani-

mal models in vivo. Studies are designed to systematically

consider the four plausible physical mechanisms of action,

including light electric field, photochemical, photomechan-

ical, and photothermal tissue effects. Thermal effects in

tissue are quantified in vivo with the use of an infrared

camera. Understanding the biophysical processes may be

expected to elucidate appropriate scientific routes to unravel

the underlying physiological mechanisms at the membrane

level. Ultimately, answers ascertained in this work will help

refine optimal laser parameters for safe and effective stimu-

lation of nerves and more importantly will define the uses

most appropriate for clinical implementation.

MATERIALS AND METHODS

All animal experiments were conducted at the Vanderbilt University W. M.

Keck Free Electron Laser Center and Vanderbilt Biomedical Optics

Laboratory in accordance with standards set by the Institutional Animal

Care and Use Committee.

Animal preparation

A total of 60 Spraque-Dawley rats (M/F 300–400 g) were used for the

majority of these acute experiments. Four northern leopard frogs (2–3

inches) were pithed for a small subset of experiments. In preparation for

surgery, each animal was anesthetized with intraperitoneal injection of keta-

mine (80 mg/kg) and xylazine (10 mg/kg) solution and maintained under

sedative with additional boluses of ketamine for the duration of each indi-

vidual experiment. Once anesthetized, the animal was placed in the prone

position and the right and left sciatic nerve exposed over the length of the

femur. An incision was made posterior-laterally extending from the gluteus

muscles to the popliteal region. This allowed access to the sciatic nerve from

its exit from the pelvic cavity to the level of the knee and allowed for visu-

alization of specific motor branches (n. fibularis and n. tibialis) to the biceps

femoris, gastrocnemius, and distal muscles. The muscle fascia overlying the

nerve was carefully removed to expose the nerve surface with its epineurial

(outer) covering maintained intact. Nerves were continually moistened with

normal saline to avoid desiccation during the study.

Experimental design and
electrophysiological evaluation

A bipolar recording electrode (Grass E-2 electrodes; Grass Telefactor, West

Warwick, RI) was placed in contact with a site along the sciatic nerve distal

to the site of stimulation to collect compound nerve action potentials

(CNAPs) from motor axons. Compound muscle action potential (CMAP)

recordings were made by placing needle electrodes into the innervated

muscle in a bipolar fashion. Responses were recorded with a modular data

acquisition system (MP100, Biopac Systems, Santa Barbara, CA) controlled

using a laptop computer and Acknowledge software (Biopac Systems). For

the purposes of this study, stimulation threshold was defined as the

minimum radiant exposure incident on the peripheral nerve surface required

for one visible muscle twitch per laser pulse. Recorded responses served to

confirm the evoked stimulation and nerve potential propagation.

Laser setup

Four different lasers were used in these experiments, including the

Holmium:yttrium aluminum garnet (Ho:YAG) laser (1-2-3 laser, Schwartz

Electro Optics) operating at 2.12 mm with a pulse width of 350 ms (full width

at half-maximum (FWHM)), alexandrite laser (1-2-3 laser, Schwartz Electro

Optics, Orlando, FL) operating at 750 nm with a 350 ms pulse width, portable

pulsed diode optical nerve stimulator (Aculight, Bothell, WA) operating at

1.87 mm with a tunable pulse width (1–10 ms), and the Free Electron Laser

(FEL) at Vanderbilt University with a tunable wavelength from 2 to 10 mm

and a 5-ms macropulse structure. We have provided evidence that pulsed

laser light at l ¼ 2.12 mm is optimal for stimulation in the rat peripheral

nerve (1); thus most experiments were performed using the Ho:YAG laser.

This laser beam was coupled directly to a 600 mm optical fiber (3M Optical

Fiber Power Core, FT-600-DMT; 3M, St. Paul, MN) mounted on a three-

dimensional micromanipulator and precisely positioned over the nerve. The

intensity of radiant exposure (0.3–1.0 J/cm2) was controlled via attenuating

optical filters.
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Reported radiant exposures were calculated based on the spot size at the

tissue, given the optical fiber diameter, the distance from fiber to tissue, and

the numerical aperture of the fiber. In pulse duration studies the FEL was

tuned to 2.1 mm and delivered as a free beam using a focusing lens with a

spot size at the target tissue similar to the output from the Ho:YAG. The

pulsed diode laser was also used in pulse duration studies. This solid-state

laser diode, developed for these specific optical stimulation experiments

emits at 1870 nm. This wavelength has an absorption coefficient in soft

biological tissue similar to that of the Ho:YAG laser. As in the Ho:YAG

laser experiments a 600 mm fiber was used to deliver equivalent radiant

exposures using the Pulsed diode laser. Finally, a study to examine the effect

of a laser-induced electric field on nerve stimulation utilized the Schwartz

Electro Optics 1-2-3 configuration to create an alexandrite laser. This laser

wavelength is different from that of the Ho:YAG and yields an absorption

coefficient that is several orders of magnitude less; however, all other laser

parameters as well as the setup for delivery remained unchanged.

OCT measurements

Surface displacement attributable to heat-induced volumetric expansion

upon laser irradiation were measured using differential phase optical

coherence tomography (DP-OCT) at the University of Texas in Austin

(UTA) as described in Telenkov et al. (19), Rylander et al. (20), and Kim

et al. (21). This system was employed to make use of its extremely high

spatial (20 nm) and temporal (1 MHz) resolution measurement capabilities.

Rat sciatic nerve tissue was extracted and immediately placed in a dish

hydrated with saline and covered with a thin microscope slide coverslip for

ex vivo experiments. The Ho:YAG laser coupled to a 600 mm fiber located

0.75 mm from the tissue was used to irradiate the tissue over a range of

radiant exposures (0.3–1.0 J/cm2). Differences in fringe signals from the

surface of the nerve tissue relative to the overlying coverslip (reference

position) allowed real time measurement of the surface displacement during

each laser pulse. An optical trigger facilitated synchronous recording of the

exact timing of pulse delivery for all experiments.

To separate the laser-induced temperature effects from stress transients,

we investigated the possibility of pulsed stress waves alone leading to a

stimulatory effect in neural tissue with a custom-made mechanical piezo-

electric element. A piezo actuator (NA-09 Piezo Actuator, DSM, Franklin,

TN) with a 9 micron displacement range rated for a total voltage range of

�30/1120 V was designed and assembled into a structure (3 3 1 3 1 cm)

with a mounting base and location for an output tip. The removable threaded

tip insert consisted of a 1 mm diameter fabricated ceramic sphere oriented in

the direction of motion of the actuator. This tip design mimicked the shape

and size of a Gaussian beam profile similar to that of the Ho:YAG laser using

a 600 micron fiber (NA¼ 0.39) located 0.75 mm from the target tissue just at

the surface of the irradiated nerve.

The actuator’s open loop displacement versus applied voltage was charac-

terized to produce a controlled velocity move to mimic the surface displacement

from DP-OCT data collected using threshold radiant exposures with the Ho:YAG

laser (at least 300 nm in 350 ms). The actuator was connected to a linear am-

plifier (VF-2000, DSM, input voltage gain ¼ 21.3). The entire system was

computer controlled by a software program (Labview, National Instruments,

Austin, TX). Triangular and sinusoidal input waves corresponding to an

increase and decrease in actuator position allowed for fast pressure transients

to be delivered to the surface of the sciatic nerve in vivo. The CNAP and

CMAP recordings were triggered from the onset of actuator motion to ob-

serve any stimulatory effect from expansion and compression waves. The

range of displacement amplitudes used (300 nm to 9 mm) mimicked or

exceeded measurements of volumetric tissue expansion (see Fig. 4 in

Results) and the time for the total displacement was held at 350 ms, the

length of the Ho:YAG laser pulse.

Cold frog experiments

Experiments in frog sciatic nerve examined the temperature dependence of

stimulation threshold. The frog was chosen as the best model for these

experiments due to its cold-blooded nature and ability to maintain nerve

conduction over a wide temperature range. The nerve and optical fiber were

submerged in saline maintained at temperatures of 0�C and 25�C, respec-

tively. To determine temperature values of the bath, a wire thermocouple

(Type E, Chromel/Constantin, Omega Engineering, Stamford, CT) was

suspended in the fluid and temperature values were recorded at a rate of 500

Hz using a data acquisition system (Labview, National Instruments, Austin,

TX). Time between trials (10 min) allowed for adequate heat diffusion to

tissue, and thus we assume the temperature of the bath and the tissue was

identical. This also helped minimize tissue dehydration, which can affect the

stimulation threshold. A 600 mm fiber coupled to the Ho:YAG laser was

placed 0.4 mm from the nerve surface and stimulation thresholds recorded

for three trials at each temperature for each nerve (n ¼ 6).

Two-dimensional radiometry of irradiated
tissue surface

Two-dimensional radiometry was used to observe the irradiated tissue sur-

face temperature profile in both time and space. Fig. 1 illustrates the Indigo

Systems infrared (thermal) camera with Phoenix data acquisition system

(22). This system helped gather temperature profiles in vivo upon Ho:YAG

laser stimulation of the rat sciatic nerve at 2 Hz. A 600 mm fiber was coupled

to the laser and held at a constant distance of 0.75 mm from the tissue during

all trials. Temperature measurements were taken for 1 s at a sampling rate of

800 fps, while data were normalized and displayed as a function of time and

position (x,y). Nerve surface temperature measurements were observed in

the two-dimensional plane (10 mm 3 2.5 mm field of view) both during and

after the laser pulse with a resolution of 50 mm2. Measurements over a range

of radiant exposures from stimulation threshold to radiant exposures causing

thermal changes in tissue (0.3–0.9 J/cm2) were conducted in hydrated nerve

tissue (n ¼ 18).

RESULTS

The first part of the Results section is composed of four

subsections, each testing a hypothesis generated for the four

possible biophysical mechanisms that we postulate as poten-

tial means responsible for transient optical nerve stimulation.

Three null hypotheses, assuming that optical stimulation is

caused by electric field, photochemical, and photomechan-

ical effects, are considered individually in an effort to eval-

uate each with theoretical and experimental evidence. We

then focus on our primary hypothesis that optical stimulation

is mediated by a thermal mechanism. We soon realized that

this phenomenon is thermally mediated. The second part of

this section aims to characterize the nature and magnitude of

the absorption-driven temperature change required to facil-

itate transient optical nerve stimulation.

Electric field effect

To assess whether the electric field within the incident light beam

is adequate to directly initiate action potentials, we calculated the

magnitude of the field using the typical laser parameters for

transient optical nerve stimulation. Maxwell’s electromagnetic

theory suggests that an inherent electric field exists within laser

light, which is associated with the propagation of light itself

where the photon velocity is driven by time and space varying

electric and magnetic fields (23). Consider the equation
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Sthreshold ¼ 1=2ceoE
2

max; (1)

where threshold laser radiant exposure (Sthreshold) ¼ 0.32

J/cm2 with the Ho:YAG laser and the product of the speed

of light (c) and permittivity of neural tissue (eo) equals

0.002634 A-s/V-m (24). The calculated theoretical value for

the maximum instantaneous intensity of the electric field

(Emax) at the tissue surface is 0.155 V/mm2, predicting that a

maximum current of 0.05 mA/mm2 is delivered to the tissue

surface during threshold optical stimulation (Rtotal ¼ 3.1

kV). This theoretical prediction is between three and four

orders of magnitude below the electrical stimulation thresh-

old for peripheral nerves determined in our previous studies,

where 0.95 6 0.58 A/cm2 was required for surface

stimulation (25). Moreover, it is important to realize that

the electric field owing to light oscillates at 1014–1015 Hz,

which is also orders of magnitude higher than the typical

electrical stimulation field oscillator frequency. Calculations

based on experimental data predict this stimulation mecha-

nism is unlikely.

To experimentally test the null hypothesis that a light

electric field effect causes stimulation, we used the alexan-

drite laser operating at 750 nm (red light) to attempt exci-

tation of the peripheral nerve. In this setup, laser parameters

and beam characteristics remained constant as compared to

those of the Ho:YAG laser (i.e., pulse duration, fiber size,

spot size, repetition rate, and electric field strength) except

for the wavelength, which changed from a fairly high ab-

sorption (Ho:YAG, ma ¼ 3 cm�1) to a very low absorption

(alexandrite, ma¼ 10�4 cm�1) in soft biological tissue. Thus,

any stimulation reported was a direct result of the electric

field of the laser light, not from absorption-driven photo-

biological effects. A total of four nerves were irradiated

through a range of radiant exposures from stimulation

threshold to those causing thermal changes in the tissue (0.3–

51.7 J/cm2). The alexandrite laser did not stimulate the

peripheral nerve in any trial using radiant exposures up to

150 times Ho:YAG stimulation threshold. However, using

radiant exposures .50 J/cm2 led to tissue dehydration and a

resulting increase in tissue absorption at this wavelength.

Carbonization of the epineurial layer of collagen sur-

rounding the nerve ensued, at which point the laser was able

to repeatedly stimulate the nerve. A direct electrical field is

highly unlikely as a means for optical stimulation since light

from the alexandrite laser did not stimulate at radiant

exposures and therefore a maximum electric field, .100

times higher than those used for the Ho:YAG laser. The

results from these experiments do support a thermally

mediated mechanism (photothermal or photomechanical

effects). Heating of the tissue with damaging radiant ex-

posures resulted in stimulation. Carbonization (‘‘burning’’)

and dehydration of the protective layers surrounding the

axons significantly changed the optical and thermal proper-

ties of the tissue. In this case the tissue absorption for this

wavelength increased and immediately mediated the stimu-

latory effect. This evidence supports an absorption-driven

process as the biophysical mechanism underlying optical

stimulation.

Photochemical effects

Photochemical effects from laser irradiation depend on the

absorption of light to initiate chemical reactions. Here we

consider the null hypothesis that the mechanism for transient

optical nerve stimulation is a result of photochemical effects

from laser tissue interaction. Theoretically, one can predict

that a photochemical phenomenon is not responsible since

infrared photon energy (,0.1 eV) is too low to drive direct

photochemistry and the applied irradiance is most certainly

insufficient for any multiphoton effects (26,27). Previous

studies have shown that stimulation threshold exhibits a

wavelength dependence based on the absorption coefficient

of nerve tissue. Optimal wavelengths have a penetration

depth of 300–500 microns; however, all infrared wave-

lengths with sufficient tissue absorption can cause neural

FIGURE 1 Experimental setup for

nerve surface temperature measure-

ments with the thermal camera from

UTA.

2570 Wells et al.

Biophysical Journal 93(7) 2567–2580



stimulation. The stimulation thresholds in the infrared part of

the spectrum in essence follow the water absorption curve

(2), suggesting that no ‘‘magical wavelength’’ has been

identified. This effectively disproves the notion that a single

tissue chromophore is responsible for any direct photochem-

ical effects. This also provides some evidence that the effect

is directly thermally mediated or a secondary effect to photo-

thermal interactions (i.e., photomechanical effects) as tissue

absorption from laser irradiation can be directly related to the

heat load experienced by the tissue.

Photomechanical effects

This phase of the study examined conceivable photome-

chanical effects leading to optical stimulation, namely

pressure wave generation from rapid heating (i.e., thermo-

elastic expansion and stress wave generation). Contributions

from pressure waves to optically stimulate the peripheral

nerve were studied by observing the effect of pulse duration

on stimulation threshold. Fig. 2 depicts the effect of varying

pulse width on the minimum incident radiant exposure

required for action potential generation using three lasers

with nearly equivalent absorption coefficients but varying

pulse durations. The corresponding penetration depths from

the Ho:YAG (2.12 mm, 350 ms), FEL (2.1 mm, 5 ms), and

tunable solid-state diode laser (1.87 mm, 1–5 ms) were 330,

333, and 450 mm, respectively. Hence, stimulation threshold

was established for five different pulse durations (5 ms, 350

ms, 1 ms, 3 ms, 5 ms) for 10 trials each. This figure demon-

strates that the threshold radiant exposure required for stimu-

lation at this tissue absorption does not change with variable

pulse width through almost three orders of magnitude. Based

on theoretical calculations and experimental data collected dur-

ing optical stimulation using a hydrophone (data not shown),

the induced change in pressure is ,1 bar.

Photomechanical effects produce forces, such as explosive

events and laser-induced pressure waves, which can impact

cells and tissue. Since we are operating well below the

ablation threshold, ablative recoil can be excluded as a

source of mechanical effects. Nerve stimulation using pres-

sure waves (rapid mechanical displacement, ultrasound) is

well documented in the literature (28,29). The relationship

between laser penetration depth and pulse duration provides

critical information concerning confinement of the laser

energy in both space and time. Fig. 3 is a well-known graph

in tissue optics that depicts the relationship between these

two laser parameters to define theoretical zones separating

stress confinement, thermal confinement, and no confine-

ment of the laser pulse. The results provide experimental data

that discount the possibility of pressure wave generation

from rapid heating leading to optical stimulation. The three

lasers used in the comparison between pulse duration and

stimulation threshold (Fig. 2) are labeled in Fig. 3.

Note that each of these lasers resides in the thermally

confined regime, or the pulse width is adequately short to

curtail heat diffusion during the pulsed energy deposition.

Similarly, the pulse width is satisfactorily long, such that

laser-induced stress effects and pressure wave propagation

are minimal. If we assume some level of pressure transients

are generated in tissue and these waves result in tissue

stimulation, then we would expect the stimulation threshold

to decrease (i.e., it becomes easier to stimulate using the FEL

5 ms pulse) the closer a laser lies to the stress confinement

zone. However, we clearly see the difference in threshold

radiant exposures is not significant over three orders of mag-

nitude change in pulse duration with equivalent penetration

depths across the thermal confinement zone. Pressure waves

attributable to thermoelastic expansion or stress wave prop-

agation are not generated in tissue with these experimental

parameters for optical stimulation and do not contribute to

excitation. In contrast, volumetric expansion will always

FIGURE 2 Effect of laser pulse duration on stimulation threshold radiant

exposure. Three lasers with comparable tissue absorption coefficients were

used: the FEL (5 ms), Ho:YAG (350 ms), and tunable solid-state pulsed

diode laser (1, 3, 5 ms). All lie well outside stress confinement but are still

thermally confined.

FIGURE 3 Confinement zones based on penetration depth and pulse

length for soft tissue. Notice that the three lasers used are all thermally

confined but are not stress confined. (Reprinted, modified version of Fig. 13

from Jacques, S. L. 1992. Laser-tissue interactions. Photochemical, photo-

thermal, and photomechanical. Surg. Clin. North Am. 72:531–558, with

permission from Elsevier.)
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result from heating tissue since a higher temperature will

result on average in larger molecular spacing.

Volumetric expansion of the nerve surface was measured

during the laser pulse using a phase-sensitive OCT setup (at

UTA) over the typical range of radiant exposures required

for peripheral nerve excitation to determine tissue displace-

ment upon light absorption and subsequent tissue heating.

The typical nerve displacement in time measured from this

system during a single laser pulse is seen in Fig. 4 (right).
The maximum increase in optical path length change of the

waveform corresponds to the immediate absorption, heating,

and maximum expansion resulting from the laser pulse. The

time required for the maximum displacement to occur is 350

ms, which is exactly the duration (FWHM) of the Ho:YAG

laser pulse. The exponential decay in displacement repre-

sents the typical thermal decay in tissue based on the thermal

diffusion time, a tissue property. Fig. 4 (left) describes the

maximum change in surface displacement of three rat sciatic

nerves (ex vivo) upon irradiation with Ho:YAG laser over

the typical physiologic range of radiant exposures for optical

stimulation. As expected, displacement increases linearly

with laser radiant exposure, theoretically supported by the

following equation:

DT ¼ ð1=bÞðDV=VÞ; (2)

where the change in temperature (DT) is linearly proportional

to the ratio of the change in volume (DV) over the total

irradiated initial tissue volume (V) and related by the product

of the inverse of the volumetric expansion coefficient (b in

units [K�1]). Surface displacement near threshold (0.4 J/cm2)

was measured to be 300 nm.

Quantitative data on the exact amplitude and duration of

the pressure transients secondary to tissue temperature

changes from pulsed laser irradiation were used to design a

piezoelectric actuator that mimicked beam characteristics in

optical stimulation. The actuator tip was constructed to cor-

respond to the laser spot size used in DP-OCT experiments,

which normalized the effective tissue volume changes

upon tissue displacement (see Eq. 2) between these two

sets of experiments. Here displacements from tissue volume

changes are detached from temperature increases to examine

the effect, if any, from simulated photomechanical stimula-

tion of the peripheral nerve. A variety of mechanical pulse

wave shapes and amplitudes were delivered to a total of 10

rats (20 nerves). For each nerve, both triangle and sinusoidal-

shaped waveforms varying in amplitude from 300 nm to 9

microns were delivered normal to the surface of the nerve via

the beam-shaped actuator tip. Based on results from dis-

placement measurements in Fig. 4 (right), the maximum tem-

perature rise occurs 350 ms after onset of the laser pulse (the

pulse width of the Ho:YAG). Compression and expansion

waveforms were delivered in this 350 ms time course for

all experiments. We see no evidence suggesting that pres-

sure transients analogous to laser-induced volumetric ex-

pansion waves can initiate action potentials with amplitudes

at least 30 times those measured for optical nerve stimulation

threshold.

Although it is possible that pulsed laser irradiation induces

pressure transients in the target tissue owing to the volu-

metric expansion effect, the contributions of this to optical

stimulation are expected to be minimal with the laser param-

eters used. The pulse duration of 350 ms exceeds the stress

confinement time for this wavelength by nearly three orders

of magnitude, resulting in a dissipation of thermally induced

pressure during the laser pulse and consequently little pres-

sure buildup (30,31). The results from DP-OCT surface dis-

placement measurements support this notion and identify the

exact relationship between laser radiant exposure and the

subsequent upper limit in magnitude of expansion in nerve

tissue. Results from the successive piezoelectric actuator

FIGURE 4 DP-OCT measurements of nerve surface displacement resulting from Ho:YAG laser irradiation. (Right) Typical recording of the optical path

length change of the nerve surface relative to a stationary coverslip from near threshold radiant exposure (0.4 J/cm2) indicating volumetric tissue expansion on

the order of 300 nm. (Left) A total of 18 measured surface displacements over the normal range of use for optical stimulation radiant exposures (R2¼ 0.8951).
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experiments reveal that pressure transients delivered to the

nerve surface in a manner analogous to laser-induced expan-

sion waves are not capable of initiating action potentials with

amplitudes at least 30 times those measured for optical nerve

stimulation threshold. These experiments provide compel-

ling evidence that temperature-induced volumetric expan-

sion is trivial for radiant exposures much greater than

threshold and indicate that the mechanism lacks photome-

chanical contributions.

Photothermal effects

Through this null hypothesis approach to divulge the mech-

anism responsible for transient optical nerve stimulation, we

have shown electric field, photochemical, and photomechan-

ical effects from laser tissue interactions do not result in

excitation of neural tissue. Preliminary evidence related to

the thermal nature of the biophysical mechanism lies in

results from the alexandrite laser stimulation of the periph-

eral nerve. As optical and thermal properties in the tissue

changed upon tissue dehydration, the absorption of the

alexandrite increased and a subsequent decrease in stimula-

tion threshold radiant exposures was reported. Thus, we have

arrived at the hypothesis that laser stimulation of nerves is

mediated by some absorption-driven photothermal process

resulting from transient irradiation of peripheral nerves using

infrared light. We will now present supporting evidence for

this claim. We will then precisely quantify the spatial and

temporal thermal transients after optical stimulation of peri-

pheral nerve over the physiologically valid range of radiant

exposures implemented with this methodology.

The effect of pulse width changes on the onset time for

stimulation and action potential propagation was observed.

Nerve potentials were recorded exactly 6 mm distal to the

site of rat peripheral nerve stimulation using the Aculight

pulsed diode laser (l¼ 1.87 mm). Fig. 5 depicts the recorded

CNAPs using 2.5 ms and 8.0 ms laser pulse widths in the

same nerve. The recording site and stimulation site as well

as all additional laser parameters were constant for results

shown in Fig. 5, a and b. A laser radiant exposure slightly

above threshold was maintained constant for each recording

(0.4 J/cm2), evidenced by the similar peak CNAP amplitudes.

Both pulses delivered the same amount of total energy, yield-

ing a difference in power delivered (i.e., the power delivered

with the 2.5 ms pulse was 3.2 times higher than that in the 8 ms

pulse). Similar motor axons were recruited for each trial, thus

it is reasonable to assume that the conduction velocities for

the recordings in Fig. 5, a and b, are identical. This yields

a conduction time from the site of stimulation to recording

of 2.6 ms for the CNAPs in Fig. 5. The onset time for

stimulation varies with width of the laser pulse. We can

surmise that all laser energy must be deposited in the tissue

before an action potential is generated. This implies that, in

the absence of pressure transients, the tissue must sustain

some minimal thermal change before excitation of the

underlying axons can occur. These results further illustrate

the importance of pulse width in optical stimulation—pre-

dicting that longer pulses will increase the time required for

an evoked CNAP and decrease the probability of stimulation

due to onset of thermal diffusion in tissue.

A thermally sustained mechanism naturally introduces a

query as to the nature of the temperature change required in

the tissue. We begin to build this understanding by ques-

tioning whether this stimulatory thermal change requires a

minimum absolute value or rather a thermal gradient, a time-

dependent temperature change. Results discussed to this

point validate either claim; however, data collected regarding

temperature dependence on stimulation threshold help to

make this distinction. The effect of nerve tissue temperature

on the threshold radiant exposure required for stimulation

was determined using the frog sciatic nerve model. The cold-

blooded amphibian nerve temperature was manipulated in a

saline bath in vivo to facilitate nerve stimulation at temper-

atures of 0�C and 25�C. Both the optical fiber for stimulation

and the peripheral nerve were submerged in the temperature-

controlled saline solution and held at a distance 0.4 mm away

from the target tissue. This caused the reported threshold

radiant exposures for stimulation to increase as the saline

between the fiber and tissue absorbed much of the optical

energy. Since this is a comparative study all experimental

parameters remained unchanged for each trial to normalize

collected threshold data. Stimulation threshold averages at

25�C were 0.91 and 0.84 J/cm2 for the two frogs studied with

FIGURE 5 CNAP signal onset time for two different laser pulse

durations. Assume the time for conduction over 6 mm from stimulation

site to recording electrodes is constant (2.6 ms, arrows) after the pulse

energy deposition. (a) CNAP recorded from stimulation at t ¼ 0 using a 2.5

ms pulse duration with the pulsed diode optical nerve stimulator. (b) CNAP

recorded from stimulation at t ¼ 0 using a 8.0 ms pulse duration with the

pulsed diode optical nerve stimulator. These recordings prove that all laser

energy is required before the onset of the CNAP can occur (Gain ¼ 5000).
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three trials for each nerve (n ¼ 6). Similarly, average

thresholds for stimulation at 0�C were 1.01 and 0.86 J/cm2

(n ¼ 6), respectively.

Results from the threshold dependence on nerve tissue

temperature experiments indicate no statistically significant

change (p , 0.05) in threshold radiant exposures occurs

(maximum change of 6%) with changes in nerve tissue

temperature. This is despite the fact that a tissue temperature

change of 25�C in the nerve-air interface experimental setup

requires a radiant exposure of at least 1 J/cm2 (see Fig. 8). In

other words, the radiant exposures necessary for a 25�C

change the saline submerged nerve interface experimental

setup (i.e., frog temperature experiments) would require at

least 100% more laser energy used for stimulation. In con-

trast, the measured stimulation thresholds are not signifi-

cantly different across a large tissue temperature range,

varying by an average of 6% between trials. From these

results we can conclude that at least in the frog there is no set

threshold tissue temperature that must be reached to initiate

the action potential, as the threshold for optical stimulation

does not change with large tissue temperature differences

upon laser pulses associated only with small increases in

tissue temperature. This was further confirmed in an experi-

ment where we compared the onset time of stimulation for

two different laser radiant exposures using an identical laser

pulse width. In this scenario it was discovered that a nerve

potential is induced as soon as a given amount of energy is

deposited in the tissue or a proportionally earlier onset for the

higher radiant exposure case. Again this provides experi-

mental proof that the radiant exposures greater than threshold

will initiate action potentials before completion of the laser

pulse, indicating propagation will begin as soon as the tem-

perature rise required for excitation (threshold temperature at

the axonal membrane) is reached. Thus, the mechanism for

optical stimulation is a temperature-dependent and transient

phenomenon requiring a certain increase in temperature in a

given short time (i.e., the laser pulse width).

Characterization of the thermal gradient

The data presented indicate that the mechanism responsible

for transient optical nerve stimulation is an absorption-driven

photothermal effect that specifically requires a temperature

rise at the nerve axon level to initiate action potential

generation. Photothermal effects include a large group of

interaction types resulting from the transformation of ab-

sorbed light energy to heat, leading to a local temperature

increase and thus a temperature gradient both in time and in

space. It is essential to emphasize that thermal interactions in

tissue are typically governed by rate processes, where both

the temperature and time are parameters of major impor-

tance. Heat flows in biological tissue whenever a temperature

difference exists according to the laws of thermodynamics.

The primary mechanisms of heat transfer to consider include

conduction, convection, and radiation (32). The data im-

parted in the following section help detail and quantify the

spatial and temporal gradients required for optical nerve

stimulation.

Two-dimensional radiometry of the irradiated tissue sur-

face was performed with the thermal camera to gain a better

understanding of thermal processes and actual tissue

temperature values needed for optical nerve stimulation.

The temperature profile in space and time were observed

after Ho:YAG laser stimulation. Fig. 6 represents the surface

temperature profile (x,y) of a single frame containing the

maximum temperature value recorded for all frames (800 fps

recording) irradiating the nerve with threshold radiant expo-

sure (0.4 J/cm2) or immediately after the end of the laser

pulse. This corresponds to the first frame in which all laser

energy has been deposited into the tissue. Temperature

profile for the column (right) and row (left) containing the

maximum temperature pixel are shown below. Solid lines

represent the best Gaussian fit for each temperature profile.

Peak tissue temperature for this trial upon optical nerve

stimulation in vivo (well-hydrated tissue with room temper-

ature saline baseline temperature of 26.91�C) was measured

to be 35.86�C. This is a peak temperature rise of 8.95�C,

yielding an average temperature rise across the Gaussian

laser spot of 3.66�C with radiant exposures near stimulation

threshold. This is very close to the theoretically calculated

average temperature rise for a uniform beam with the

same laser parameters and neglecting scattering equal to

2.87�C (25).

Thermal measurements of the rat sciatic nerve surface

(n ¼ 18) were taken in vivo for each nerve using a range

of radiant exposures 0.3–0.9 J/cm2 in well-hydrated tissue.

Fig. 7 a represents the data collected for the maximum

surface temperature for a single trial (diamonds) and peak

temperature rise in tissue (squares) immediately after laser

stimulation as a function of radiant exposure. Fig. 7 b de-

scribes the average thermal gradient, temperature rise from

baseline, as a function of laser radiant exposure for all trials

(n ¼ 18). As expected, nerve temperature increases linearly

with laser radiant exposure. Results predict the minimum

temperature increase of the nerve surface required for stim-

ulation (0.3–0.4 J/cm2) is as low as 6�C, yielding a peak

temperature of 31�C, provided that the laser pulse width is

sufficiently short (,10 ms based on previous experiments).

Minimum temperatures for onset of thermally induced

changes in mitochondria function and protein denaturation

are shown in Fig. 7a. In the case of nonhydrated tissue (data

not shown), the temperature as a function of radiant exposure

shifts upward due to a difference in optical and thermal

properties compared with higher water content tissue. Here

the mitochondrial damage will theoretically begin to occur

between 0.5 and 0.6 J/cm2, thus illustrating the importance of

tissue hydration for safer, more efficient nerve excitation.

The peripheral nerve temperature profile in time was also

observed using the infrared camera. Fig. 8 shows the results

from Ho:YAG laser stimulation slightly above threshold
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(0.4 J/cm2) and at two times threshold radiant exposure (0.8

J/cm2). These graphs provide the peak temperature at the

height of the Gaussian spatial profile for each frame in time

after a single laser pulse at t¼ 0. The exponential decrease of

temperature in time represents a typical thermal decay.

Thermal relaxation time (i.e., the time to dissipate heat

absorbed from a laser pulse) is defined as the time for the

temperature of the tissue to return to 1/e (37%) of the

maximum tissue temperature change. In the case of the rat

peripheral nerve, based on Fig. 8 we estimate the thermal

relaxation time to be ;90 ms. The theoretically calculated

value for thermal diffusion (or relaxation) time is equal to

170 ms in soft tissue (tth ¼ d2/4a) assuming only axial dif-

fusion (33). Since some radial diffusion will occur given the

spot size/penetration depth ratio in this experimental setup,

the actual value is expected to be less than this value; and

indeed this is true in actual measured values. As expected,

the thermal relaxation time is independent of laser radiant

exposure.

Temperature superposition, or additive temperature ef-

fects from multiple pulses, was observed for a period of 5 s

using 2 Hz and 5 Hz stimulation frequencies. These results

are shown in Fig. 9. It is clear that the temperature increase

and return to baseline tissue temperature is consistent upon

multiple laser pulses with a frequency of 2 Hz regardless of

laser radiant exposure. This demonstrates that there are no

additive temperature effects in peripheral nerve tissue with

low frequency stimulation near threshold. A frequency of

5 Hz does have temperature superposition effects as the tis-

sue temperature increase does not return to baseline before

absorption and heating from the next pulse in the sequence.

This quickly leads to a much larger maximum temperature in

the tissue than seen with 2 Hz stimulation. A larger radiant

exposure will result in more pulses required to reach a maxi-

mum temperature steady state as more thermal energy must

dissipate to surrounding tissue through heat conduction.

FIGURE 6 Temperature spatial profile measurement of

the nerve surface in vivo using the thermal camera at the

end of the laser pulse. Threshold (0.4 J/cm2) radiant

exposure with a 600 mm fiber yields a peak tissue

temperature ¼ 35.86�C, peak temperature rise ¼ 8.95�C,

and average temperature rise ¼ 3.66�C. The calculated

Gaussian spot ¼ 0.37 mm2. The position of the maximum

pixel for 0.4 J/cm2 stimulation (stars) and Gaussian fit

(solid line) of temperature profile for maximum line scan in

x and y are shown.

FIGURE 7 (a) Maximum temperature in hydrated tissue as a function of

radiant exposure immediately after laser stimulation. Stimulation threshold

occurs between 0.3 and 0.4 J/cm2; onset of minimal thermal changes in

tissue occurs at 43�C, which corresponds to the onset of thermal damage

seen in previously published histological analysis (0.8–1.0 J/cm2). (b)

Average temperature rise from multiple trials (n ¼ 18).
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DISCUSSION

Optimal laser parameters and characteristics for
efficient stimulation

The finding that a thermal gradient in the target nerve is the

underlying biophysical mechanism for excitation combined

with knowledge of the extent of these temperature rises

affords insight into some fundamental limitations and opti-

mal parameters for appropriate use of this technique. First,

we can draw some conclusions on spatial selectivity. It is

somewhat surprising that the temperature profile follows a

Gaussian distribution in space (Fig. 6) with such a small

optical fiber to tissue distance (0.5 mm), since Verdaasdonk

and Borst (34) have shown a more uniform beam shape at

this distance. Thus, the spot calculated using the angle of

light divergence from the fiber (NA ¼ 0.39, divergence ¼
23�) assuming a uniform beam (;1 mm2) is actually a larger

estimation than the Gaussian spot size measured here (0.37

mm2). Assuming a specific temperature rise is responsible

for action potential generation with pulsed light, the effective

stimulation area must occur within a very small spot where

the peak temperature change within the tissue is high.

We can infer from the temperature change versus position

graphs in Fig. 6 that near threshold the effective stimulation

diameter is confined to the tip of the Gaussian curve, on the

order of 200 mm or less. This validates the superior spatial

precision seen with transient optical nerve stimulation and

the technique’s ability to excite discrete populations of axons

within individual nerve fascicles. Note the optical fiber size

used in these experiments has a 600 mm diameter; therefore

the affected tissue area is actually smaller than the size of the

fiber and obviously significantly smaller than the zone of

irradiated tissue (Gaussian temperature profile). If the laser

energy is increased, a greater tissue radius will overcome the

required temperature rise threshold. As a result, the selec-

tivity will ultimately decrease as a greater area (thus greater

number of axons) will be excited by the incident laser beam.

Theoretically, the minimum spot size for optical stimulation

is limited only by light diffraction and no doubt can be

delivered to tissue via optical fibers as small as 4 mm.

Second, we infer an upper limit to the range of non-

damaging laser radiant exposures for low frequency optical

stimulation. The literature suggests that thermal changes to

mitochondria may begin to occur with temperatures as low as

43�C (35,36), whereas protein denaturation begins at tissue

temperatures close to 56�C–57�C (16). As shown in Fig. 7,

this temperature corresponds to an onset of thermal changes

in peripheral nerve connective tissues with radiant exposures

as low as 0.75 J/cm2, whereas thermal damage to the actual

underlying axons will require laser energies greater than this

value based on the exponential attenuation of light in tissue.

These results support the reported tissue damage threshold

radiant exposures determined from histological analysis of

FIGURE 8 Temperature profile of peripheral nerve in time, laser stim-

ulation near threshold (0.4 J/cm2), and at over 2 times threshold (0.8 J/cm2).

The experimental thermal relaxation time, tth, of peripheral nerve tissue

based on the equation shown in the figure is 90 ms.

FIGURE 9 Steady-state maximum

temperature increase in nerve tissue

from Ho:YAG laser stimulation. (a)

Temperature rise from 0.45 J/cm2 radi-

ant exposure pulses at 2 Hz stimulation

frequency. (b) Temperature rise from

0.65 J/cm2 radiant exposures at 2 Hz

stimulation frequency. (c) Temperature

rise from 0.41 J/cm2 threshold radiant

exposures at 5 Hz stimulation fre-

quency. (d) Temperature rise from

0.63 J/cm2 threshold radiant exposures

at 5 Hz stimulation frequency.
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short-term laser nerve stimulation (0.8–1.0 J/cm2) (2).

Owing to the fact that the nerve is exposed through an

open incision and hydrated with room temperature saline

(baseline temperature ¼ 27�C), the maximum temperature

rise at threshold is still below normal body temperature

(36�C) and therefore well below temperatures required for

thermal changes or tissue damage. These results imply that

optical stimulation of motor axons in peripheral nerves is

mediated through surface thermal gradient of 6�C–10�C

temperature rises, whereas this gradient has both temporal

(see Fig. 8) and spatial (see Fig. 6) components.

These temperature changes may be an overestimate in

actual temperatures required for threshold excitation, as our

endpoint is a functional muscle contraction requiring

recruitment of multiple axons to elicit a visible response.

In fact, published work on the stimulation of the cochlear

nerve, lacking epineurial sheaths, demonstrates stimulation

threshold radiant exposures are two orders of magnitude

smaller than those reported here in the peripheral nerve (37).

Furthermore, these results indicated that this phenomenon is

theoretically nondamaging in peripheral nerve tissue with

radiant exposures at least two times the threshold required

for action potential generation. Since a change in tissue

temperature, as opposed to an absolute temperature, is im-

plicated as the mechanism of action, cooling of the tissue

before irradiation may improve the safety of this technique

by minimizing the maximum temperature achieved during

stimulation.

Third, we surmise the upper limits for repetition rate

without leading to superposition of temperature in tissue

upon multiple pulses. Looking at Fig. 9 one can deduce that

temperature superposition will begin to occur at higher

repetition rates (.4–5 Hz) as the tissue requires slightly

.200 ms to return to baseline temperature. At repetition

rates .5 Hz tissue temperatures will become additive with

each ensuing laser pulse, and resulting tissue damage may

begin to occur with prolonged constant stimulation. This

assumption is supported by the results shown in Fig. 9. With

low-frequency stimulation (Fig. 9 a) the resultant heat load

in tissue after the laser pulse has adequate time to diffuse out

of the irradiated zone via heat conduction. Alternatively,

higher frequency stimulation is clearly marked by temper-

ature superposition as additional pulses become additive to

the overall tissue temperature. Conduction is overcome by

the frequency of laser pulses, and within 5–10 pulses a

steady state temperature and baseline are achieved. Accord-

ing to the results shown in Fig. 6 a damage will occur with

changes between 18�C and 20�C. Temperature increases

greater than those recorded in the high frequency stimulation

experiment are approaching this upper limit using threshold

value radiant exposures. Fig. 9 b plainly shows that the upper

limit for the frequency of optical stimulation is 5 Hz in the

peripheral nerve. Neural tissues with lower threshold radiant

exposures for stimulation will tolerate significant increases in

the maximum repetition rate limits.

Finally, we can conclude the maximum laser pulse du-

ration for practical use of this technique in peripheral nerve

stimulation. There is strong evidence against laser-induced

pressure waves underlying the optical stimulation mecha-

nism (the pulse duration is too long to facilitate stress

confinement, and indeed negligible stress transients were

measured), and no significant difference was found in stim-

ulation thresholds from the three laser sources, despite a

1000-fold difference in pulse duration. Given this informa-

tion, it is plausible to assume that stimulation is not de-

pendent on the pulse duration provided the pulse is short

enough to minimize heat diffusion during the laser pulse

(i.e., conditions of thermal confinement are fulfilled).

Although theory predicts that the pulse length may be

stretched up to hundreds of milliseconds before no confine-

ment is achieved (see Fig. 3), experimentally this is an

overestimate. Heat diffusion begins immediately (see Fig. 9),

which causes the quality of the evoked potentials to be

significantly diminished with laser pulse widths .10 ms.

Pulses delivered in a time less than this value result in crisp

potentials with every pulse; however, pulses longer than 10

ms tend to have a more intermittent and indolent response. In

the case of motor axon stimulation, this functionally presents

as an irregular and disjointed muscle contraction as opposed

to a fast, reliable twitch with shorter laser pulse durations.

Defining the thermal gradient for transient optical
nerve stimulation

Photothermal interaction leading to temperature increase is

highly dependent on the optical properties of the nerve, such

as absorption and scattering coefficient, and thermal prop-

erties, such as thermal conductivity and specific heat (38). In

the infrared, the diameter of the sciatic nerve is much larger

when compared with the penetration depth of the light

stimulus employed. This implies that all light energy that

enters the tissue is trapped inside except losses from diffuse

reflection from the nerve surface. Absorption coefficients are

very high compared to the effective scattering in this

wavelength range because soft tissue is dominated by

forward scattering (g ;0.9) (39). Therefore absorption alone

is the significant factor for interaction of the laser light with

tissue, and scattering plays a negligible role in the light

distribution and resulting light-induced effect on the nervous

tissue. To calculate the percentage of surface temperature

that reaches the axonal layer in peripheral nerve we employ

Beer’s Law and make the following assumptions: 1), absorp-

tion dominated laser penetration (ma(l ¼ 2.12)¼ 3 mm�1); 2),

peripheral nerve connective tissue (epineurium, perineurium,

endoneurium) is a homogenous tissue; 3), the average thick-

ness of the layers surrounding the axonal layer is 150 mm; 4),

the minimum surface temperature rise required for optical

stimulation is 6�C–10�C; and 5), the percentage of light at-

tenuation is equal to the percentage of temperature attenu-

ation in a single layered medium.
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These assumptions predict that 63.8% of the light entering

the peripheral nerve surface will remain at the average depth

of the axonal layer for selective stimulation of a specific

fascicle. Thus, the temperature rise required at the surface of

the Schwann cells (myelination) surrounding the axonal

membrane that results in optical stimulation of neural tissue

is ;3.8�C–6.4�C. We argue that all types of neural axons

can be optically stimulated with the use of optimal laser

parameters based on tissue structure and morphology. How-

ever, it is important to understand that some physical sub-

stance (i.e., connective tissue) to hold the thermal gradient

may decrease the radiant exposure needed to facilitate neural

excitation. Therefore, to selectively excite central neurons, in

vivo or in culture in a large bath medium, may require one

or more of the following laser parameter changes: 1), a greater

radiant exposure than reported here; 2), a shorter pulse width

laser due to much faster thermal diffusion in this tissue type

and preparation; 3), an exogenous chromophore; or 4), a spe-

cific wavelength targeting substances that lie close to the ax-

onal membrane to establish the necessary thermal gradient and

cause the desired stimulatory effect.

Possible physiological stimulation mechanisms
from a thermal gradient

It is well known in electrical stimulation that membrane

depolarization occurs at the cathode where the concentration

of negative potential, or charge density, reduces the potential

difference across the membrane, subsequently activating

voltage-gated ion channels leading to a transmembrane cur-

rent from capacitive conductance and action potential prop-

agation (40). The results presented here both imply that a

temperature rise leading to a thermal gradient is established

at the axonal membrane level upon pulsed laser irradiation

and provide evidence that this type of microscale thermal

interaction is the biophysical mechanism of optical nerve

stimulation. Information on the biophysical mechanism can

now help guide experimental research in pursuit of a phys-

iological mechanism at the membrane level. The micro-

scopic heating effects taking place at the cellular level, such

as the heating of cellular organelles or changing of channel-

gating kinetics, are not verified through these experiments;

however, we offer some reasonable explanations for this

photobiological phenomenon.

Temperature can affect action potential propagation in

three ways: 1), the Nernst equilibrium potentials are in-

versely proportional to the absolute temperature; 2), the

conductance of an open ion channel is dependent on a

common temperature factor governing the rate for channel

induction called a Q10; and 3), a change in temperature

changes the amplitude and duration of the potential (41). One

hypothesis for the physiological mechanism for optical

stimulation involves sodium channel activation based on a

local increase in the conductance as the channel transitions to

the open state resulting from a temperature increase. We

assume that this is a plausible candidate since sodium

channels typically initiate the onset and propagation of a

potential in a stimulated axon. Note here that only a thresh-

old potential must be reached by the temperature gradient.

Once the inward sodium current is established, it further

decreases the membrane potential and drives the generation

of the action potential. These channels have known Q10

values; therefore, the conductance of the open channel is

temperature dependent. Transient heating from laser energy

may result in an increase in overall conductance with

temperature, which could result in an inward current. In fact,

it is well known that temperature jumps in single nodes of

Ranvier result in shifts in membrane potential from charge

redistribution and associated membrane currents (42,43).

The current density, based on the number of channels open

per unit area in a large myelinated axon, over the irradiated

area (i.e., a node of Ranvier) may produce the current suf-

ficient to create the localized voltage gradient needed to

activate sodium channels and result in regenerative action

potential propagation. The requirement for transient delivery

of laser energy for optical stimulation supports this theory.

A second potential hypothesis is the activation of heat-

sensitive channels, where the gating mechanism is markedly

different from the other channel types: voltage-gated, ligand-

gated, and mechanosensitive ion channels. A review of the

known ion channels gated by heat is given by Cesare et al.

(44), who suggest that this temperature rise causes the heat-

sensitive channels to change to a more disordered state

(45,46). These channels can undergo sensitization, which

causes a shift in the relationship-linking temperature to the

probability that a channel is open toward a lower temperature

(47). This may explain the reason a temperature rise and not

an absolute temperature is required for activation. The

known heat-sensitive channels responding to increase in

temperature all have extremely large Q(10) values (.10)

(48–50). Predictions on likely channel candidates for

targeted optical stimulation will require more scientific

investigation of the existence of heat-sensitive channels in

efferent fibers or a new channel type responsive to the ther-

mal stimulation parameters reported here.

Hirase et al. from the Rafael Yuste lab at Columbia

University reported depolarization and subsequent action

potential firing in transiently irradiated pyramidal neurons

with a high intensity mode-locked near infrared femtosecond

laser (27). These methods caused cell damage and are

markedly different (i.e., damaging, high energy) from the

nerve stimulation technique discussed here. Regardless, they

offer two mechanisms, including photochemical reaction

producing reactive oxygen species adjacent to the cell

membrane as well as transient, reversible membrane poration

from perforation of tissue light interaction. We disagree with

these mechanisms with regard to our methodology for

transient optical nerve stimulation, and in this work have

shown that this mechanism is not mediated through photo-

chemistry. We anticipate that this stimulation outcome is a
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direct effect on transmembrane proteins in the membrane and

not a localized reversible pore which would require a large

energetic magnitude to separate the lipid bilayer.

CONCLUSIONS

The results presented here reveal that neural activation with

pulsed light occurs by a transient thermally mediated

mechanism. The electric field effect, photochemical means,

and photomechanical mechanisms are discarded as possible

means for activation of nerve potentials. Data collected

reveal that the spatial and temporal nature of this temperature

rise, including a measured surface temperature change re-

quired for stimulation of the peripheral nerve (6�C–10�C)

and at the axon level (3.8�C–6.4�C). This information has

been used to detail the limits in selectivity, pulse duration,

and repetition rate using this technique in the peripheral

nerve. Ultimately, we envision that this information will

form the basis for the development of a portable, handheld

device for optical stimulation based on solid-state diode laser

technology, operating at the optimal laser parameters to

incite a safe and effective motor response. Such a device

would have utility in both basic electrophysiology studies as

well as clinical procedures that currently rely on electrical

stimulation of neural tissue. Our group has recently started

collaboration with a commercial laser company (Aculight,

Bothel, WA) to explore the use of infrared diode lasers for

this purpose.
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