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Background: Recent studies indicate that some transcranial direct current stimulation (tDCS) effects may be caused by indirect stimulation of peripheral nerves in the scalp rather than the electric field in the brain. To address this, we developed a novel tDCS control condition in which peripheral input is blocked using topical anesthetics. We developed a compounded anesthetic gel containing benzocaine and lidocaine (BL10) that blocks peripheral input during tDCS.

Methods: In a blinded randomized cross-over study of 18 healthy volunteers (M/F), we compared the gel's efficacy to EMLA and an inert placebo gel. Subjects used a visual analog scale (VAS) to rate the stimulation sensation in the scalp produced by 10 s of 2 mA tDCS every 2 min during 1 h. In an additional in-vitro experiment, the effect of a DC current on gel resistivity and temperature was investigated.

Results: Both the BL10 and EMLA gel, lowered the stimulation sensations compared to the placebo gel. The BL10 gel showed a tendency to work faster than the EMLA gel with reported sensations for the BL10 gel being lower than for EMLA for the first 30 min. The DC current caused a drastic increase in gel resistivity for the EMLA gel, while it did not affect gel resistivity for the BL10 and placebo gel, nor did it affect gel temperature.

Conclusions: Topical anesthetics reduce stimulation sensations by blocking peripheral nerve input during tDCS. The BL10 gel tends to work faster and is more electrically stable than EMLA gel.

Clinical trial registration: The study is registered at ClinicalTrials.gov with name “Understanding the Neural Mechanisms Behind tDCS” and number NCT04577677.
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GRAPHICAL ABSTRACT
 Effectiveness of topical anesthetics to block peripheral nerve input during tDCS. When tDCS is applied, peripheral nerves in the scalp are exposed to high electric fields that can reach 20 V/m. These electric fields are strong enough to stimulate cervical and cranial nerves (green) that innervate the scalp (beige). Stimulation of these peripheral nerves may indirectly contribute to observed tDCS effects. To investigate this, we developed a novel tDCS control condition in which peripheral nerve input is blocked using topical anesthetics. We optimized a compounded anesthetic gel containing 5% benzocaine and 5% lidocaine (BL10) and compared its effectiveness to reduce stimulation sensations during tDCS to EMLA, a commercially available anesthetic gel, and an inert placebo gel. Our results indicated that both anesthetic gels, BL10 and EMLA, significantly reduced the stimulation sensation during tDCS compared to the placebo gel. However, the BL10 gel tended to work faster than the EMLA gel as its stimulation sensation was immediately low after gel application. For the EMLA gel, subjects indicated a higher stimulation sensation compared to the BL10 gel in the beginning of the experiment, but the stimulation sensation decreased to a similar level after half an hour. The effectiveness of the topical anesthetics to block peripheral nerve input during tDCS is illustrated in the figure using shades of green for the cervical and cranial nerves in the scalp. When the placebo gel is applied, the high electric field in the scalp stimulates the peripheral nerves (dark green). The application of topical anesthetics underneath the stimulation electrodes effectively blocks peripheral nerve input during tDCS for the BL10 (light green) and the EMLA gel (green).


Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulation method that is widely used by neuroscientists, neurologists and psychiatrists to modulate brain function. tDCS can modulate neurophysiological (1), physiological (2) and behavioral responses (3). For example, tDCS can improve memory (4), motor skill acquisition (5) and motor sequence learning (6). Currently, a wide range of clinical applications are being investigated, including tDCS treatments for improved motor function in elderly (7), improved cognitive function (8), stroke recovery (9), addiction (10), depression (11), epilepsy (12), and Alzheimer's disease (13).

The neurophysiological mechanism through which tDCS mediates these effects is debated (14). It has been generally accepted that tDCS modulates cortical excitability via the electric field in the brain causing subthreshold shifts in the resting membrane potential of cortical neurons (15, 16). Interestingly, a number of recent studies have shown that most of the applied current is actually shunted by the highly conductive scalp, leaving only a fraction of the applied current to reach the brain (2, 17). This means that during tDCS peripheral nerves in the scalp are exposed to high electric field strengths that can reach 20 V/m (17, 18). These fields are strong enough to initiate action potentials causing co-stimulation of the nerves in the scalp which may indirectly contribute to the observed tDCS effects (2, 14).

The scalp is mainly innervated by the trigeminal nerve (5th cranial nerve), consisting of three branches: the ophthalmic nerve V1, maxillary nerve V2 and mandibular nerve V3. The dorsal part of the scalp is innervated by the occipital nerve (2nd cervical spinal nerve), arising between the first and second cervical vertebrae, where it splits into the greater occipital nerve and the lesser occipital nerve (19). During tDCS, electrical activation of these nerves results in information ascending via the brainstem to the somatosensory cortex where it is perceived as the frequently reported tingling or itching sensation (20). In addition to the somatosensory input, the trigeminal and occipital nerves give input to other brain regions, including brainstem and limbic structures such as the locus coeruleus (LC), amygdala and hippocampus (21, 22). The LC is part of the reticular formation in the brainstem and is a key nucleus of the sympathetic nervous system controlling the synthesis and release of norepinephrine throughout the brain (23–27). This indirect pathway of tDCS may contribute to some of the observed tDCS effects. However, because the standard control condition used in all tDCS experiments is the sham condition in which current is simply switched off, the tDCS field currently lacks a robust control condition to carefully separate effects caused by the electric field in the brain from those caused by co-stimulation of nerves in the scalp.

It has previously been shown that topical anesthetics can reduce peripheral nerve co-stimulation during transcranial alternating current (tACS) stimulation (17). Topical anesthetics reversibly prevent the induction or propagation of actions potentials in nerves (28), which can temporarily reduce peripheral nerve input. The working mechanism of topical anesthetics on neuronal cells is explained in more detail in Figure 1. In short, topical anesthetics diffuse into the cell and bind to voltage-gated sodium channels on the inside of the cell membrane. They can physically block conductance through the channel, stabilize the inactivated state of the channel or interfere with the channel gating machinery, depending on the type of the local anesthetic (28). The effectiveness of a topical anesthetic can be predicted based on its properties. The potency of a topical anesthetic is correlated with its affinity for the receptor site on the ion channel and its lipid solubility. Anesthetics with a high lipid solubility diffuse more easily through the cell membrane and can therefore reach its binding site more easily. However, the time of onset of an anesthetic is mainly determined by its dissociation constant (pKa). Anesthetics are usually administered as a hydrochloride salt, a protonated form (BH+ Cl-) that is more water-soluble. After administration, both forms, protonated (BH+) and unprotonated (B), exist in equilibrium in the extracellular space with the relative amounts depending on the pKa-value of the anesthetic and the environmental pH. The pKa of most anesthetics is between 8 < pKa < 9, which is higher than the physiologic pH = 7.4, meaning a greater proportion the molecules exists in the protonated form (BH+). For anesthetics with a lower pKa-value the equilibrium shifts in favor of the unprotonated (B) form, resulting in a higher diffusion rate across the cell membrane and therefore a shorter onset time (29).
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FIGURE 1
 Mechanism of local anesthetics on voltage-gated sodium channels in neuronal cell membrane. Local anesthetics (green) pass through the cell membrane and then bind on voltage-gated sodium channels (light blue) on the inside of the cell membrane and block sodium-influx (dark blue) into the cell (28). Anesthetics are usually administered as a hydrochloride salt, a protonated form (BH+ Cl-) that is more water-soluble. However, the reaction is reversible and both forms, protonated and unprotonated, are in equilibrium with the relative amounts depending on the environmental pH. If the environmental pH is equal to the dissociation constant (pKa) of the anesthetic, usually between 8 < pKa < 9, both forms are present in equimolar amounts. In more basic environments like the extracellular space, the unprotonated form is favored while in slightly acidic environments such as in the cytoplasm, the protonated form is more present. The unprotonated form can easily cross the cell membrane, increasing the concentration on the inside of the cell. Once in the cytoplasm, it quickly transfers to the protonated form, which is charged and therefore unlikely to cross the membrane. This process of favoring the anesthetics to remain in the cell is referred to as “ion trapping.” In the cell, the protonated form of the anesthetic binds to the voltage-gated sodium channels, upon which it either physically blocks conductance through the channel, stabilizes the inactivated state of the channel or interferes with the channel gating machinery (28), depending on the type of the local anesthetic. As a result, the sodium flux into the cell is interrupted and the action potential (red) can no longer be generated or conducted along the cell membrane. In this way, anesthetics can block signal transduction in neuronal cells.


In this study, we performed two experiments to investigate the efficacy of two topical anesthetics at minimizing peripheral nerve co-stimulation during tDCS. We designed a compounded anesthetic gel, consisting of 5% lidocaine and 5% benzocaine in a carbomer gel and compared this to the standard commercially available EMLA gel consisting of 2.5% lidocaine and 2.5% prilocaine and a placebo gel. Benzocaine has a very low dissociation constant pKa benzocaine = 3.5 compared to the anesthetics in the EMLA gel, lidocaine pKa lidocaine = 7.7 and prilocaine pKa prilocaine = 7.7 (30). Hence, the BL10 gel containing benzocaine is expected to diffuse faster into the skin and therefore work faster (31). The control condition was an inherent placebo carbomer gel containing no anesthetics. In Experiment 1 we compared the effect of the gels at reducing tDCS stimulation sensations in the scalp in healthy volunteers, while in Experiment 2 we performed in-vitro measurements to assess gel resistivity and temperature changes during tDCS.



Methods and materials


Experiment 1
 
Anesthetic gels

The compounded anesthetic gel (BL10) consisted of 5% benzocaine and 5% lidocaine HCl in a water-based carbomer gel and was made by a compounding pharmacist. Standard EMLA gel (AstraZeneca, Cambridge, England) was used which contains 2.5% lidocaine and 2.5% prilocaine in an oil-based gel. As a control condition, an inert placebo gel was used consisting of a carbomer gel with no active components.



Ethical approval

The study was approved by the UZ/KU Leuven Research Ethical Committee (S63709) and conformed to the ethical standards described the Declaration of Helsinki on ethical principles for medical research involving human subjects. All experiments were performed in accordance with relevant guidelines and regulations. The study is registered in ClinicalTrials.gov (NCT04577677). Written informed consent was obtained from all subjects before inclusion.



Study design

A single-blinded randomized cross-over design was used to compare the effectiveness of the anesthetic gels at reducing skin sensations during tDCS, meaning the subjects were blinded to the gels. Each subject participated in three sessions, using a different gel in each session. The sessions were scheduled four to seven days apart.



Subjects

Eighteen healthy subjects participated in the study: ten females and eight males with age 24.8 ± 2.8. Standard tDCS exclusion criteria were used. All subjects were right-handed and had no history of migraine, addiction, epilepsy, or another neurological or psychiatric disorder. Other exclusion criteria were: metallic implants or implanted electrical devices, intake of drugs that affect the nervous system and pregnancy. In addition, subjects were asked to restrain from caffeine, alcohol, nicotine or other stimulants.



Transcranial direct current stimulation

tDCS was applied over the left primary motor cortex (M1) in which the anodal tDCS electrode was positioned over the left M1, on C3 according to the international 10–20 system. The cathodal reference electrode was placed on the contralateral supraorbital position, over FP2 according to the 10–20 system. A neuroConn DC-STIMULATOR PLUS (neurocare Group, Munich, Germany) was used to apply a current of 2 mA over Signa gel-filled cup electrodes with a surface area of 11.3 cm2 per electrode, held in place using an EEG cap.



Protocol

The protocol is shown in detail in Figure 2. At the start of each session the skin was cleaned with alcohol using a gauze pad. Next, the locations of the stimulation electrodes were indicated on the skin. Then, 4.8 ml gel (BL10, EMLA or placebo) was applied on the scalp underneath the stimulation electrodes over a surface area of approximately 25 cm2. Next, the tDCS cup electrodes were positioned as described above and filled with Signa gel. The cup electrodes were then connected to the tDCS device using standard Ag/AgCl ring electrodes and cables. Before tDCS was started, an impedance check was performed using the tDCS device. In case the impedance was below 5 kΩ, data collection stated 6 min after gel application. In case the impedance was > 5 kΩ, stimulation could not be started for safety reasons and standardization. The timepoints for which no data could be collected were treated as missing data. 2 mA tDCS was applied for 10 s every 2 min for a period of 1 h. Immediately after every 10-s stimulus, subjects assessed the tDCS stimulation sensation using a visual analog scale (VAS) rated between 0 (no sensation) and 10 (painful).
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FIGURE 2
 Protocol. Anodal tDCS was applied over the left primary motor cortex (M1) with the reference electrode in the contralateral supraorbital position. In the setup, the skin was cleaned with alcohol (A), the locations of the stimulation electrodes were indicated on the skin (B), 4.8 ml of anesthetic or placebo gel was applied under each electrode (C), the stimulation electrodes were located and filled with Signa gel (D), and connected to the tDCS device (E). A conductivity check was performed (F) to make sure the impedance was below the safety threshold of 5 kΩ. Starting from 6 minutes after gel application, 2 mA tDCS was applied for 10 s every 2 min for a period of 1 h. After every stimulus of 10 s, subjects assessed the stimulation sensation and reported on potential side effects. In this figure, the setup is illustrated for the BL10 condition.




Side effects

In 9 of the 18 subjects side effect data was collected. Occurrence of the following side effects was assessed after each stimulus: tingling sensation, metal taste, headaches, dizziness, nausea, phosphenes, burning sensation and itchiness. For each side effect, subjects reported on the intensity of the side effect by indicating a score: 0 (side effect is not present), 1 (side effect is very slightly present), 2 (side effect is slightly present) or 3 (side effect is present). The occurrence of side effects was analyzed for each stimulation condition separately. For each time point (28 in total) and each side effect, the average side effect score was calculated across all subjects. In addition, for each side effect, an overall score was calculated by summing the scores across all time points for all subjects. This score was then expressed as a percentage of the maximum possible score 3 × 28 = 84 by dividing it by 84. For example, if a participant indicated 10 times a score of 1 for tingling sensation, 5 times the score 2 and 0 for the remaining 13 timepoints, the mean score for tingling sensation for this participant was calculated as 10 × 1 + 5 × 2 + 13 × 0 divided by 84 is 24%. The mean overall percentage across all subjects was then calculated for each side effect.



Statistical analysis

The VAS stimulation sensations were analyzed using a linear mixed model VAS ~ −1 + Gel + Time + Gel : Time + (1 | Subject) with fixed variables ‘Gel' and ‘Time' and, random variable ‘Subject', followed by a post-hoc analysis.

In the post-hoc analysis two-sided Wilcoxon signed rank tests at significance level 0.05 were used to compare the gels at three timepoints after gel application: 8, 30, and 60 min, chosen to be representative of the beginning, middle and end of the experiment. All reported p-values are Bonferroni corrected for three multiple comparisons. The effect sizes were calculated as the standardized mean difference using the Cohen's d formula for paired comparisons. According to Cohen and Sawilowsky, a Cohen's d value of 0.01 indicates a very small effect, 0.2 a small effect, 0.5 a medium effect, 0.8 a large effect, 1.2 a very large effect and 2 a huge effect (32). Confidence intervals shown in the VAS plot were calculated as 95% of the standard deviation divided by the square root of the number of subjects. All statistics were performed in MATLAB R2019b (MathWorks, Natick, MA, USA).




Experiment 2

In experiment 2, the effect of a 2 mA DC current on the gel's resistivity and temperature was investigated for each gel: EMLA, BL10 and placebo. Additionally, we performed the same measurements on Signa gel, a highly conductive electrolyte gel designed to conduct electric signals in ECG recordings, amongst other applications.


Protocol

For each gel, a 2 mA (± 4 μA) DC current (I) of was applied using a NeuroConn DC-stimulator over a gel-filled cylinder with surface area (A) 4.91 cm2 and height (L) 2.5 cm for a duration of 1 h. The voltage (V) over the gel was measured using a National Instruments DAQ NI-USB 6364 (National Instruments, Austin, Texas, USA) with a sample frequency of fs = 1,024 Hz. The resistance (R) was calculated using Ohm's Law (V = I x R), from which the resistivity (ρ) was calculated using formula ρ = R x (A / L). Temperature was measured in the center of the cylinder using a Fluke Volt thermocouple (Everett, Washington, USA) with a precision of 0.5 °C and a sample frequency fs = 2 Hz.





Results


Experiment 1
 
Effect of topical anesthetic gels on tDCS stimulation sensation

Figure 3 shows the mean stimulation sensations at group level for the three gels over time (A) and at three specific timepoints: 8, 30, and 60 min after gel application (B). In general, subjects indicated higher stimulation sensations for the placebo gel compared to the gels containing anesthetics. For the placebo gel, subjects indicated an average stimulation sensation of 4.1 ± 1.7 on the VAS 8 min after gel application. The sensation decreased slightly to 2.8 ± 2.2 at 30 min and to 2.3 ± 1.8 after 1 h. For EMLA gel, sensations were on average 1.9 ± 1.5 at 8 min after gel application. Sensations decreased to 0.5 ± 0.8 at 30 min and to 0.3 ± 0.7 after 1 h. For the BL10 gel, subjects immediately rated low stimulation sensations. Eight min after gel application, subjects indicated 0.8 ± 0.8 on the VAS. The sensations decreased to 0.2 ± 0.4 at 30 min and remained at 0.2 ± 0.3 after 1 h.
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FIGURE 3
 Effect of topical anesthetic gels on tDCS stimulation sensation. (A) The mean stimulation sensations in time for the BL10 gel (red), EMLA (blue) and placebo gel (black), with confidence intervals shown in gray. Subjects indicated significantly higher stimulation sensations for the placebo gel, compared to the gels containing anesthetics. (B) The results of the post-hoc analysis at the three timepoints 8, 30 and 60 min after gel application indicated significant differences between the gels containing anesthetics compared to placebo with **p < 0.01, ***p < 0.001.


The linear mixed model indicated a significant effect of the gels on the VAS stimulation sensation (p < 0.0001) and a significant interaction effect between gel and time (p < 0.0001). The post-hoc analysis at 8 min after gel application showed that the sensation for both the BL10 and EMLA gels were significantly lower compared to the placebo gel (p = 0.0004, Cohen's d = 1.66 and p = 0.006, Cohen's d = 0.96 respectively). In addition, there was a trend for the BL10 gel to give lower VAS sensations compared to EMLA but this trend was not significant after Bonferroni correction (p = 0.079, Cohen's d = 0.68). After 30 min, the BL10 and EMLA gel sensations remained significantly lower than the placebo sensations (p = 0.002, Cohen's d = 1.16 and p = 0.0013, Cohen's d = 1.23 respectively), with the BL10 and EMLA sensations not significantly different (p = 0.8965, Cohen's d = 0.3094). One hour after gel application, subjects still indicated significantly lower stimulation sensation for the BL10 and EMLA gel (p = 0.0004, Cohen's d = 1.1443 and p = 0.0007, Cohen's d = 1.0277 respectively) and while BL10 and EMLA remained similar (p = 0.4609, Cohen's d = 0.24).



Effect of topical anesthetic gels on tDCS side effects

In general, subjects experienced few side effects, see Figure 4. In the majority of the surveyed sessions, subjects indicated they experienced only one or two side effects. In only five sessions, subjects reported they experienced more than two side effects, while in four sessions subjects indicated they experienced no side effects at all. The most commonly reported side effects were: tingling sensation, burning sensation, itchiness and metal taste. Other side effects were reported much less frequently.
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FIGURE 4
 Effect of topical anesthetic gels on tDCS side effects. The side effects are shown as the mean side effect scores for nine subjects in time with the error bars indicating the standard deviation. In general, subjects experienced less side effects for the BL10 and EMLA gel compared to placebo. For the placebo gel, the most commonly reported side effects were: tingling sensation, burning sensation, itchiness and metal taste while other side effects were reported much less frequently. For the BL10 and EMLA gel, tingling sensation, burning sensation and itchiness were reduced compared to placebo, while the scores for metal taste were not influenced by the anesthetic gels. Although both anesthetic gels reduced sensations in the scalp, the sensations for the EMLA gel remained relatively high in the beginning of the experiment compared to the BL10 gel. An overview of all side effects is given in the Supplementary Results.


In general, subjects experienced less side effects for the BL10 and EMLA gel compared to placebo. For both anesthetic gels, side effects that are related to sensations in the scalp, such as tingling sensation, burning sensation and itchiness, were reported much less frequently compared to the placebo gel. For the BL10 gel, the side effects that are related to sensations in the scalp were reduced immediately after gel application. In case of the EMLA gel, the side effect scores for sensations in the scalp were also reduced but only toward the middle of the experiment. In the beginning of the experiment, the side effect scores were similar to the scores of the placebo gel.

The mean overall side effect percentage for tingling sensation was 24% for placebo, while it was only 7% for both anesthetic gels. For burning sensation, the reduction was even more profound. For placebo, the mean overall side effect percentage was 22%, while it was only 1% and 2% for BL10 and EMLA gel respectively. For itchiness the mean overall side effect percentage for placebo of 7% was reduced to >1% and 1% for BL10 and EMLA gel respectively. Side effects that are related to co-stimulation of other facial nerves than the nerves that innervate the scalp, such as the occipital and trigeminal nerves, were not affected by the anesthetic gels. For example, the side effect scores for metal taste were similar for all gels: 19% for BL10 gel, 15% for EMLA and 23% for placebo. An overview of all side effects is given in the Supplementary Results.




Experiment 2
 
Effect of DC current on gel resistivity and temperature

The in vitro measurements of gel conductivity and temperature revealed an odd gel property of the EMLA gel. When a current of 2 mA was applied over the BL10 gel, the resistivity remained stable at ρ = 1.1 Ωm for at least 1 h, see Figure 5. Similarly, the resistivity of the placebo gel remained stable at ρ = 6.8 Ωm. These resistivities of the BL10 and placebo gel are in the same order of magnitude as the resistivity of the Signa gel, which remained stable at ρ = 0.3 Ωm. Yet, the resistivity of the EMLA gel increased extremely up to ρ = 77.1 Ωm after 1 h of DC stimulation. Although the EMLA resistivity increased strongly, the temperature measurements did not show a notable difference compared to the other gels. For all gels, the temperature showed a small steady decreased to room temperature.
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FIGURE 5
 Effect of DC current on gel resistivity and temperature. In an in-vitro experiment, a DC current of 2 mA was applied over samples of the BL10 gel (red), EMLA gel (blue), placebo gel (black), and Signa gel (green) for 30 min. (A) Gel resistivity was relatively stable for all gels except for the EMLA gel, which showed a larger increase. (C) The resistivity of the BL10 gel was similar to the resistivity of the conductive Signa gel, whereas the resistivity of the placebo gel was slightly higher. (B) Temperature measurements showed that the gel temperature decreased steadily over time to room temperature. The illustrated results are the calculated average of three independent measurements, see Supplementary Results.






Discussion

We validated the use of an optimized compounded anesthetic gel for the development of a novel tDCS control condition in which peripheral nerve co-stimulation is blocked during tDCS. Our results showed that topical anesthetics can successfully reduce peripheral co-stimulation sensations during stimulation: subjects indicated lower stimulation sensations on the VAS for both anesthetics gels, BL10 and EMLA, compared to the placebo gel (Figure 3). The tDCS side effect analysis showed similar results with subjects indicating they experienced tingling or burning sensations during tDCS for the placebo gel condition but experienced far less side effects related to sensation in the scalp for the anesthetic gels (Figure 4).

Recent literature has highlighted the potential confound of peripheral nerve co-stimulation during tDCS experiments. Vannest et al. (2) showed that some tDCS effects on memory appear to be driven by co-stimulation of the occipital nerve. They suggested the neuromodulatory effect is caused by activation of the noradrenergic pathway due to co-stimulation of the occipital nerve. This potential noradrenergic mechanism caused by cranial or cervical nerve co-stimulation during tDCS is discussed in detail in a recent opinion piece by van Boekholdt et al. (14). Adair et al. (19) also recently reviewed the literature on cranial nerve stimulation and emphasized that stimulation of these nerves is inevitable when tDCS is applied using stimulation electrodes on the scalp. Our results indicated topical anesthetics can be used to blocks peripheral nerve co-stimulation and allow the development of a novel tDCS control condition that could allow researchers to investigate whether the observed neuromodulatory effects during tDCS are caused by direct stimulation of the brain or by co-stimulation of peripheral nerves in the scalp.


Effectiveness of topical anesthetic gels at reducing stimulation sensations

Both anesthetic gels significantly lowered the stimulation sensation indicated on the VAS. The Cohen's d values indicated large to huge effect sizes when comparing the VAS scores for the anesthetic gels to the placebo gel at the three timepoints. Interestingly, the BL10 gel appeared to act more quickly than EMLA gel. However, this trend did not reach significance (p = 0. 0791) after Bonferroni's multiple comparison correction, although the Cohen's d value showed a medium to large effect. The lack of significance might be due to the relatively high variability that is often present in subjective measures in human research. Nevertheless, it is interesting to point out a few reasons why the BL10 may act more quickly than the EMLA gel. Firstly, the BL10 gel contains benzocaine which is expected to diffuse faster through the cell membrane according to its dissociation constant (pKa benzocaine = 3.5) compared to lidocaine and prilocaine in the EMLA gel. Secondly, the BL10 gel contains double the concentration of anesthetics compared to the EMLA gel. Lastly, the BL10 is water-based. A water-based gel can contain higher concentrations of anesthetics due to the higher solubility of the protonated form of the anesthetics, administered as a hydrochloride salt, in water compared to the oily EMLA gel. In addition, the water-based gel can penetrate faster into the skin than the dense oily EMLA gel.



Effect of topical anesthetics on tDCS side effects

In our study, the most commonly reported side effects during tDCS with the placebo gel were: tingling sensation, burning sensation, itchiness and metal taste. A systematic review on adverse effects associated with tDCS (33) indicated itchiness as the main side effect, followed by tingling sensation, headache and burning sensation. Compared to these findings, subjects in our study reported burning sensations more frequently. This might be due to our relatively high stimulation amplitude of 2 mA compare to the more commonly used amplitude of 1 mA. Our results also indicated that the application of topical anesthetics under the stimulation electrodes greatly reduced tingling sensations, burning sensations and itchiness caused by co-stimulation of peripheral nerves in the scalp. The applied anesthetics block neural signal transduction in those peripheral nerves and thereby reduce tDCS side effects related to co-stimulation. Interestingly, the anesthetics appeared to have little effect on side effect scores for metal taste, a result of co-stimulation of gustatory nerves such as the glossopharyngeal nerve and the vagus nerve which innervate the tongue. One would not expect a topical anesthetic applied on the scalp to have an effect on those nerves, which is consistent with our findings. In brief, topical anesthetics applied on the scalp under the stimulation electrodes appear to reduce tDCS side effects that are relate to sensations in the scalp, but do not affect other side effects.



Effect of a DC current on gel resistivity and temperature

In an in vitro experiment, we investigated the effect of a 2 mA DC current on two important gel properties: gel temperature and gel resistivity. Our temperature measurements showed that a direct current of 2 mA does not cause heating for at least 30 min of stimulation. In fact, we observed a slight decrease in temperature probably due to the gel cooling down to room temperature rather than an effect of the DC current. The resistivity measurements showed that the resistivity of the BL10 and the placebo gel remained stable and relatively low within the same order of magnitude as the highly conductive Signa gel. Compared to the placebo gel, the resistivity of the BL10 gel was approximately six times lower. The higher conductivity of the BL10 gel complies with the expectations because the BL10 gel is based on the same carbomer gel as the placebo gel but contains additional charged molecules such as the protonated anesthetic molecules. The EMLA gel, however, showed a large increase in resistivity compared to the other gels. This undesired gel property of EMLA makes it a poor choice for use in human tDCS experiments as these changes in resistivity could lead to unstable impedances during stimulation and may cause additional or more profound side effects. For example, more phosphenes were reported for the EMLA gel compared to the BL10 and placebo (Supplementary Figure S1).



Safety of topical anesthetics

Topical anesthetics are considered safe to be used (30), however some side effects may occur such as headaches, dizziness, itchiness, skin swelling or skin irritation (34). It is important to use local anesthetics according to guidelines (35). If not used properly, toxic side effects can occur as a result of either an allergic reaction, high systemic exposure due to overdosing or interactions with other pharmacological agents (36). These toxic effects may lead to serious adverse events such as: confusion, tightness in the chest, loss of consciousness, seizure, respiratory depression, vasodilation or cardiac arrest (37). A small number of cases have been reported in which serious toxic effects occurred after the application of topical anesthetics (38, 39), which resulted in death in some cases (37, 40, 41). Hence, when considering the use of topical anesthetics, it is important to use it according to guidelines and be aware of the potential risks.



Efficacy of anesthetics

Although the topical anesthetics significantly reduced tDCS stimulation sensations, they were not always able to completely block peripheral nerve input. More invasive interventions would be needed to ensure complete blockage. In animal research, for example, one can simply cut the nerves in the scalp or apply stimulation underneath the scalp directly on the skull. Considering the trade-off between efficacy and invasiveness, the use of topical anesthetics seems to be the optimal solution. However, it is also important to address the issue of adding a pharmacological agent in neuromodulation experiments. Adding anesthetics to a tDCS stimulation condition also includes adding potential side effects that are not related to the stimulation. Despite this, our results showed that the novel tDCS stimulation condition in which topical anesthetics are applied underneath the stimulation electrodes, were able to sufficiently block peripheral co-stimulation during tDCS and has the potential to be used in tDCS research to isolate direct brain effects from peripheral effects.




Conclusion

We have shown that topical anesthetic gels can be used to block peripheral nerve co-stimulation during tDCS. Our newly developed BL10 gel showed a tendency to work faster than EMLA gel, however this trend did not reach significance. In addition, the in vitro experiment revealed that the EMLA gel is unstable in terms of resistivity when a DC current is applied over the gel, while the resistivity of the BL10 gel remained stable. These findings suggest that the BL10 gel is the optimal topical anesthetic to block peripheral nerve co-stimulation in tDCS experiments. We suggest to use this novel tDCS stimulation condition, in which peripheral co-stimulation is blocked using the BL10 gel, as an additional control condition in tDCS research. This additional control condition would allow neuroscientists to separate neuromodulatory effects caused by the electric field in the brain from peripheral effects due to nerve co-stimulation in the scalp. More insight in the underlying neurophysiological mechanisms of tDCS will ensure the development of more effective applications of this versatile neuromodulation technique.
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