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Temporal Interference (TI) stimulation has emerged as a novel, non-invasive technique for selectively modulating deep brain regions while minimizing stimulation of superficial cortical layers, addressing key limitations of traditional transcranial electrical stimulation (tES) methods. This review systematically examines advancements in TI research from June 2017 to December 2024, encompassing safety evaluations, computational modeling (including Finite Element Method simulations), and stimulation–parameter optimisation. The paper synthesizes 63 publications on the efficacy of TI in deep brain neuromodulation, its optimisation strategies, and emerging methodologies aimed at improving stimulation precision and reducing off-target effects. Furthermore, the review explores the clinical applications of TI, particularly its potential in treating neurological disorders such as epilepsy, Parkinson's disease, and cognitive impairments. Despite its promise, challenges remain, including variability in stimulation outcomes, the need for individualized treatment protocols, and gaps in understanding the long-term effects of TI. By consolidating current knowledge and identifying future research priorities, this review provides a comprehensive perspective on the transformative potential of TI stimulation in neuroscience and clinical neurotherapeutics.
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1 Introduction

The applications of transcranial electrical stimulation (tES) toward restoring human health have been advancing rapidly in the last decade. However, standard tES delivers current through large sponge pads, where a recent review of optimisation studies notes that, even with multi-electrode configurations, targeting deep structures inevitably co-stimulates overlying cortex (1). Modeling work shows that much of the injected current is shunted across the scalp, producing diffuse fields that decay rapidly with depth (2), and practical guides warn that scalp electrodes do not effectively penetrate deep brain regions, making them most suitable for cortical targets (3). Temporal Interference (TI) stimulation, a technique developed by Grossman et al., has been shown to non-invasively target deep brain structures, opening new possibilities for therapeutic interventions in neurological disorders (4).

TI stimulation applies two slightly different high-frequency alternating currents (f1 and f2) through two pairs of electrodes on the scalp. These currents interfere constructively and produce an electric field that oscillates at the difference of their frequencies (Δf = f1−f2), called the beat frequency (see Figure 1). While neuronal membranes exhibit low-pass filtering properties at the level of subthreshold membrane responses (5, 6), While neuronal membranes exhibit low-pass filtering properties at the level of subthreshold membrane responses (5, 6), TI can effectively stimulate deep brain structures while largely avoiding direct neural activation of superficial cortex (7–9). However, overall current amplitude remains limited by cutaneous perceptibility and pain thresholds in scalp tissues (10). Although TI stimulation produces a low-frequency “beat,” all delivered energy remains confined to the high-frequency carriers. Neurones, acting as nonlinear rectifiers, demodulate the high-frequency carriers and respond at the beat rate (6), even though no low-frequency power is injected directly. By strategically placing electrode pairs, the targeted superimposed field is directed deep within the brain (see Figure 2). However, recent studies suggest that this understanding may be incomplete, as network-level interactions and ion channel non-linearities appear to play a crucial role in TI-induced neural responses (11, 12). While these findings challenge the conventional model, the precise mechanisms of action underlying TI stimulation remain uncertain and continue to be actively investigated.


[image: Two graphs illustrating beat frequency from combined high-frequency signals. Graph A shows a blue wave with alternating amplitude between plus two and minus two milliamperes over 0.2 seconds. A second wave, in orange, envelopes the blue wave, peaking at the same amplitudes. Graph B displays two sine waves: blue at 2 kilohertz and red at 2.01 kilohertz, creating a beat pattern as amplitudes overlap, shown over a 0.02-second duration.]
FIGURE 1
 (A) The amplitude-modulated signal, resulting from the constructive interference between the two component high-frequency signals, where the orange line shows the resulting low-frequency envelope, oscillating at Δf = f1−f2. (B) The two high-frequency component signals (Red and Blue), f1 and f2, are also shown in Figure 2. Please note that the scale in the x-axis between (A, B) is different.



[image: A central orange area depicting the stimulation area generated by the overlap of the two electric fields.]
FIGURE 2
 An illustration depicting two high-frequency electric fields in red and blue and the stimulation point in yellow where the Beat Frequency is formed. Created in BioRender. Ivanov, B. (2025) https://BioRender.com/jg6woc6.


In rodent models, TI has been shown to induce depolarisation of axonal membranes, potentially generating action potentials at the cellular level (4). However, in humans, TI functions as a sub-threshold modulation technique similar to transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS). Some of the contributing factors for this difference are attributed to the larger brain size, increased skull thickness, and the lower current amplitudes applied. This allows for modulation of neural oscillations, similar in function to transcranial alternating current stimulation (tACS) and transcranial direct current stimulation (tDCS) (13). Through oscillation of the modulation envelope, TI can synchronize with existing neural activity via the principle of neural entrainment, reminiscent of tACS (14). By doing so, TI can influence neural behavior and connectivity without directly triggering action potentials in humans. This sub-threshold method enables TI to target deep brain structures—such as the hippocampus, striatum, and motor cortex—non-invasively. A recent study by Violante et al. (7) demonstrates TI's capacity to modulate the hippocampus in humans, presenting promising applications for both research and therapeutic interventions in regions traditionally difficult to reach with tES.

In TI stimulation, the depth and focality of the resulting electric field (e-field) are influenced by several critical factors, including the amplitude, frequency, phase, and spatial configuration of the applied currents (13, 15–18). Higher current amplitudes enable deeper brain penetration but may compromise focality, increasing the risk of unintended stimulation or conduction blocks (13, 19–21). The phase and frequency settings play a pivotal role in shaping the interference patterns, which directly affect the location and extent of the e-field (15). Additionally, the spatial arrangement and number of electrodes are crucial for focusing the e-field on specific target areas while minimizing stimulation of adjacent tissues (22). Optimizing these parameters is crucial for developing safe and effective TI protocols tailored to therapeutic and experimental needs.



2 Article types

Recent findings on TI stimulation remain promising but highlight significant knowledge gaps and methodological inconsistencies. While earlier reviews have covered aspects of the TI literature, they remain limited in scope. Zhu and Yin (87) highlighted inconsistencies in human outcomes and called for improved stimulation protocols, focusing on preclinical and computational studies. Demchenko et al. (23) reviewed human studies, emphasizing safety and early therapeutic outcomes, but omitted animal and computational research. Gomez-Tames et al. (1) discussed electric-field modeling for tES, with only peripheral coverage of TI. Soroushi et al. (24) explored computational strategies but lacked integration of clinical safety data. Peng et al. (25) mapped preclinical mechanisms without addressing human trials or safety. Key gaps remain in synthesizing data on safety and tolerability, optimizing stimulation parameters, integrating findings across animal, computational, and clinical domains, and linking preclinical insights to clinical protocols. Our scoping review addresses these by mapping safety data, modeling approaches (including finite element analysis), and parameter optimisation strategies across modalities. We reconcile fragmented methodologies and provide a unified foundation for advancing TI research and clinical translation.

Unlike systematic reviews or meta-analyses, which focus on narrowly defined questions and often impose strict inclusion criteria, a scoping review is designed to map the breadth of a developing research area, clarify key concepts, and identify knowledge gaps and research priorities (26, 27). Given the early-stage nature of TI studies—spanning human safety trials, animal models, and diverse computational simulations—a scoping methodology allows us to comprehensively chart existing work, accommodate multiple study designs, and survey areas requiring deeper, focused investigation.

This scoping review synthesizes existing research on TI safety, parameter optimisation, and computational simulations, encompassing both experimental and modeling studies. The objective is to identify effective strategies, common challenges, and future research priorities to advance the development of TI stimulation toward clinical adoption. By consolidating studies on TI's application in the human brain, this review highlights key trends, limitations, and knowledge gaps, along with recent advancements aimed at addressing these challenges.

The review begins with an overview of TI mechanics, followed by an evaluation of its safety and tolerability in humans. Next, it assesses TI's impact on neuronal activation and excitability through computational models, comparing its performance with traditional tES methods. Subsequently, optimisation methodologies and advanced techniques to enhance TI's efficacy are explored, along with novel modalities and their potential benefits. The review concludes by discussing the clinical applications of TI and its future potential in neurotherapeutics.



3 Literature search and inclusion/exclusion criteria

We defined our search phrase as: “‘Non-invasive deep brain stimulation' OR ‘temporal interference stimulation' OR ‘interferential stimulation' OR ‘interfering electric fields”' AND “brain.” Inclusion criteria were peer-reviewed journal articles employing TI for sub-threshold deep brain modulation, where studies investigating supra-threshold stimulation were excluded. Other exclusion criteria were non-brain applications, non-English publications, review articles, studies primarily focused on hardware development and non-electrode-based stimulation methods. We searched PubMed, IEEE Xplore, and Scopus for studies published between 2017 and 2024. This search yielded 1,429 studies. After removing duplicates and applying our inclusion criteria, 55 relevant studies were included, and an additional 6 studies were added manually. A detailed overview of our search and filtering process is shown in Figure 3.


[image: Flowchart of a study selection process. It starts with search terms identifying 623 PubMed, 777 Scopus, and 29 IEEE Xplore studies, totaling 1,429. After removing 453 duplicates, 976 unique studies remain. Relevancy filtering removes 921 papers, leaving 55 relevant studies, plus 7 manually added articles, resulting in 63 studies covered. These include 11 human, 6 animal, 4 in-vitro, and 40 computational modeling studies, with 2 categorized as others.]
FIGURE 3
 A flowchart detailing the process used for obtaining and filtering the papers covered in this literature review.


Our search results show that since its introduction in 2017, TI has gained increasing interest in the research community. Publications on TI have grown significantly, as illustrated in Figure 4, which displays the number of studies, after removing duplicates, published each year from 2017 to Dec 2024.


[image: Bar chart showing the number of published TI-related papers by year from 2017 to 2024. Frequency increases from approximately 75 in 2017 to nearly 200 in 2024, with noticeable rises in 2022 and 2024.]
FIGURE 4
 A bar chart showing the number of the published TI-related papers (after duplicate removal), obtained through the keyword search, covering the period from Jun 2017 to Dec 2024.




4 TI safety evaluation

The use of electric stimulation dates back to the Roman Empire (28, 29), with Luigi Galvani's 18th-century work on tDCS laying the groundwork for its clinical applications (30). Building on these foundations, this section reviews studies that focus on TI's tolerability and safety in humans. We have also included a summary of the in-vivo human TI studies, which can be found in Table 1. We will then discuss the current literature gaps on TI safety and what future research could follow to progress the field further.

TABLE 1  Summary of in-vivo human studies using temporal interference stimulation (TI).


	Study
	Design
	Population
	Target
	Control
	Δf (Hz)
	Carriers (kHz)
	Sessions
	Primary outcome
	Notes





	Zheng et al. (31)
	RCT, double-blind
	40 Healthy adults (male)
	M1 leg area
	Sham
	20
	2.0 & 2.02
	10 sessions
	Vertical jump height
	↑ CMJ, ↑ SJ in TI vs sham



	Wessel et al. (32)
	Cross-over, RCT, Double-blind
	45 Healthy adults and 15 Elderly
	Striatum
	HF & TMS control
	100
	2 & 2.1
	Exp.1: 4 sessions; Exp. 2: 2 session; TMS Control: 1 session
	Motor learning (SFTT)
	TI increased motor-network activation and accelerated motor learning



	Violante et al. (7)
	Cross-over design, Double-blind
	52 Healthy adults
	Hippocampus
	Sham
	5
	2.0 & 2.005
	Exp.1: 1 session; Exp.2: 2 sessions
	Episodic memory accuracy
	TI enhanced episodic memory accuracy



	Ma et al. (33)
	Cross-over design, Single-blind
	29 healthy adults
	M1 hand area
	Sham
	20 & 70
	2 & 2.02; 2 & 2.07
	Three sessions
	RT, MEP amp., learning
	70Hz: ↑ RT & IO slope; 20Hz: ↑ learning & MEP amp.



	Zhang et al. (34)
	RCT, Single-blind
	60 young adults
	Right frontoparietal
	TI-sham & tACS-sham
	6
	2.0 & 2.006
	One session
	N-back accuracy / RT / IES
	TI was feasible, blinded, with WM gains comparable to tACS



	Zhu et al. (35)
	RCT, double-blind
	40 young adults
	M1
	Active comparator (tDCS)
	20
	2 & 2.02
	Two sessions
	FC
	Both TI and tDCS ↑ FC M1–premotor/SMA; no between-group difference



	Von Conta et al. (36)
	Randomized Cross-over, Single-blind
	33 healthy adults
	Parieto-occipital cortex
	HF control (1kHz mono)
	IAF
	1
	Three sessions
	α-power after-effect
	No significant difference between TI, tACS, and control



	Iszak et al. (21)
	Pseudo-randomized Crossover design
	24 Healthy adults
	Muscle / retina / occipital EEG
	TACS, Carrier only, Sham
	10 (TI)
	2.000 & 2.010
	Exp.1: 1 session; Exp.2: 1 session; Exp.3: 2 sessions
	Muscle twitches, phosphenes, EEG α power
	Demonstrated deeper focus without phosphenes in TI; EEG α-modulation observed only in tACS



	Piao et al. (37)
	Single-blind, RCT
	38 healthy adults
	Left M1
	Sham (no current)
	20 or 70
	2 & 2.02; 2 & 2.07
	Three sessions (single visit)
	EEG, NSE, batteries, AEs
	Safe, no NSE change; stable EEG



	Vassiliadis et al. (38)
	RCT, Double-blind
	119 young / older adults and TBI patients
	Striatum & hippocampus
	Placebo (HF)
	100
	2 & 2.1
	1–4 sessions/Exp.
	Safety and blinding feasibility
	TI was safe, well-tolerated and effectively blinded




This table presents key characteristics of published studies that have applied temporal interference stimulation (TI) in human participants. It includes information on study design, population, stimulation targets, sample sizes for TI and control conditions, control types, stimulation parameters (including envelope frequency Δf, carrier frequencies, and current per electrode pair), session durations, primary outcome measures, reported effect metrics, and results. TI, Temporal Interference; tDCS, transcranial Direct Current Stimulation; tACS, transcranial Alternating Current Stimulation; HF, High Frequency; M1, Primary Motor Cortex; SMA, Supplementary Motor Area; fMRI, functional Magnetic Resonance Imaging; RT, Reaction Time; MEP, Motor Evoked Potential; FC, Functional Connectivity; CMJ, Countermovement Jump; SJ, Squat Jump; IES, Inverse Efficiency Score; AEs, Adverse Event; TBI, Traumatic Brain Injury; Exp., Experiement; IAF, Individual Alpha Frequency; NSE, Neurological Safety Biomarkers.




4.1 Safety profiles and adverse events

While some studies have reported functional outcomes of TI in human cohorts (31–34, 38–40), only a limited subset of studies have directly assessed its safety and tolerability across varying stimulation parameters (10, 37, 41). Until now, 412 participants have undergone TI stimulation with a current strength ranging from 0.5–4mA and stimulation beat frequencies ranging from 20 to 130 Hz, with a carrier frequency of 2 kHz and a stimulation duration of up to 40 min. Collectively, the studies evaluated the safety and tolerability of different types of TI protocols, which are primarily classified as either constant or burst. Constant stimulation protocols deliver a continuous electrical current, leading to sustained neural activation. In contrast, burst stimulation protocols apply intermittent bursts at a predefined frequency (32).

No serious adverse effects were reported across any of these studies for younger and older adults. Similar to healthy populations, clinical populations such as patients with traumatic brain injury also did not experience any serious adverse effects, with only 1 in 15 patients dropping out of the study due to experiencing strong sensations reminding the patient of their traumatic brain injury (41). Reports of transient sensory experiences, including tingling, fatigue, itching, vibration, or pressure, were confined to the highest current dose (2 mA). These sensations were consistent between the active and placebo TI conditions and are also in line with the sensations previously associated with traditional tES techniques, such as tDCS and tACS (42–47). Impedance and temperature measurements confirmed safe skin-electrode interactions (37).

Blinding effectiveness is essential for TI stimulation's clinical use. Vassiliadis et al. reported that participant sensations between active and placebo sessions were similarly rated in intensity at 2 mA, with guesses about session order no better than random, demonstrating potential blinding efficiency (41). Conta et al. also confirmed TI's tolerability and blinding effectiveness at 1 mA, underscoring the value of maintaining robust placebo controls for diverse applications (48).



4.2 Limitations and future research directions for safety evaluation of TI

While existing studies have reported no significant short-term adverse effects, the long-term safety of TI stimulation remains largely unexplored, necessitating further investigation through more inclusive and longitudinal research designs. Factors such as age, psychological conditions, and pre-existing health issues can significantly influence how TI-generated electric fields propagate through the brain and other tissues, highlighting the importance of studying diverse populations (20). Moreover, as Cassara et al. have noted, there is a critical discrepancy between the theoretically safe current amplitudes and those commonly employed in experimental settings, underscoring an urgent need for standardized, TI-specific safety guidelines (49). To ensure these guidelines are robust and relevant, they should be grounded in physiological metrics, such as skin sensation thresholds and tissue heating effects, rather than being adapted from frameworks designed for tACS and tDCS, which may not fully capture the unique characteristics of TI stimulation.

Addressing these safety concerns is vital not only to minimize potential risks associated with long-term use but also to improve the reliability and reproducibility of TI studies. Establishing comprehensive safety standards tailored to TI will enable researchers to optimize stimulation parameters, ensure consistent application across studies, and unlock the full potential of this promising technology for therapeutic and research purposes.




5 Comparative analysis of temporal interference

This section analyses studies that investigated the neuronal responses generated by TI stimulation, highlighting the critical parameters that influence these responses. Subsequently, studies comparing the efficacy of TI to established transcranial neuromodulation methods—including tACS and tDCS—are reviewed.


5.1 Investigating neuronal responses to TI and key influencing parameters

Building on the original experiment described by Grossman et al. (4), several research groups have conducted in-vivo rat experiments and computational analyses to enhance our understanding of TI's impact (12, 13, 50–53). A multi-scale computational model by Gomez et al. (50) explored the effects of TI stimulation across various biological scales, from molecular interactions to whole-organism responses. The finite-element-based computational study showed that TI stimulation could theoretically and selectively target deep brain structures without affecting superficial cortical areas. The simulations also validated that the effectiveness and location of stimulation can be adjusted by modifying the electric currents' carrier frequency and amplitude ratio between the electrode pairs, which is consistent with previous literature (4). A detailed summary of the conducted experiments and their results can be found in Table 2.

TABLE 2  Summary of results from the computational multi-scale mouse model study by Gomez et al. (50).


	Experiment
	Conditions
	Results





	Beat frequency effect
	Beat frequencies: 5–100 Hz, constant carrier frequency: 2 kHz
	No influence on activation threshold within the tested range



	Carrier frequency effect
	Carrier frequencies: 1–4 kHz, constant beat frequency: 10 Hz
	Activation threshold increased with higher carrier frequencies



	Amplitude ratio effect
	Amplitude ratios: various (e.g., 1:1, 2:1), constant carrier and beat frequencies
	Location of nerve activation shifted according to amplitude ratio




The experiments varied beat frequencies, carrier frequencies, and amplitude ratios of TI to assess their impact on neural activation. Beat frequency did not influence the activation threshold, while higher carrier frequencies increased it. The location of nerve activation changed with different amplitude ratios.



Modak et al. evaluated non-invasive TI stimulation using two 2 and 2.02 kHz currents with a 20 Hz beat frequency aimed at the left caudate in healthy adults during resting-state fMRI, but instead observed significant BOLD increases in bilateral orbitofrontal cortex and fusiform/parahippocampal regions, with modeling showing peak fields overlapping the orbitofrontal cortex rather than the intended target (54). They also noted deactivation in the right precuneus/superior parietal lobule, suggesting off-target conduction effects. Even so, they found no significant differences in discomfort between active and sham conditions. Only one participant reported a mild headache lasting up to 15 days, indicating TI is generally safe and well tolerated (54).

A number of in-vivo and in-silico experiments were conducted to investigate the mechanism of TI and its key influencing parameters (7, 13, 51, 52). Two in-vivo studies involving rats and humans revealed that in both populations, neuronal firing rates exhibited increased sensitivity to unbalanced current ratios (7, 51). Specifically, this sensitivity was significant in rats at carrier frequencies below 1,800 Hz (51). Violante et al. investigated the impact of different current ratios on Blood Oxygenation Level Dependent (BOLD) signal and memory performance. Their results indicate that a 1:3 current ratio significantly reduced the BOLD signal and improved episodic memory, as measured by a face-name paired associative task (7). Further in-silico experimentation showed that deeper targets could benefit from lower carrier frequencies due to their effects on the neuronal activation threshold and sensitivity to amplitude modulation (13, 52). Across all human studies discussed in this section, TI stimulation was well tolerated, with no serious adverse effects reported. Only a few mild and common side effects were noted by Violante et al. and Modak et al. (7, 13, 51, 52, 54). In a crossover behavioral study comparing active TI with sham sessions, the only side effect occurring significantly more often during TI was itchiness at the electrode site (Z = −2.354, P = 0.019) (7).


5.1.1 Limitations of cross-species comparison

While both human and rodent studies provide valuable insights into TI-evoked neural effects, direct comparison is constrained by key interspecific differences. Rodent skull thickness, tissue conductivities, and brain geometry differ substantially from humans, altering the electric field distribution and required current densities (55). Moreover, anesthesia protocols, used in animal studies, can modify neuronal excitability and vascular dynamics, which may not translate to awake human participants (56). Lastly, behavioral and electrophysiological outcome measures—such as motor evoked potentials in rats versus cognitive or perceptual readouts in humans—use different metrics and scales, limiting direct alignment of safety and efficacy thresholds. Together, these factors necessitate caution when extrapolating parameter settings and effect sizes from rodent models to clinical TI applications.




5.2 Evaluating the potential of TI stimulation compared to traditional tES techniques

Recent studies have evaluated the effectiveness of TI stimulation compared to established non-invasive brain stimulation approaches, such as tDCS and tACS (18, 35, 53, 57–59). Early findings are promising, suggesting that TI has the potential to target deep-brain regions with minimal impact on the surrounding cortical areas. In particular, three recent in-vivo studies targeting the primary motor cortex (M1) in humans and rats reported that TI significantly enhances motor skills and outperforms tACS and tDCS in improving motor performance (31, 35, 58). However, these results are not entirely consistent. While some studies indicate that TI offers superior enhancements in functional connectivity and motor skills compared to traditional tDCS (35, 58), others report only marginal improvements (57).

Current research primarily focuses on single-session, short-term effects, leaving the long-term outcomes of TI stimulation largely unexplored. Moreover, many findings rely on computational models, which can introduce inconsistencies due to simplifications, such as omitting cerebrospinal fluid to accommodate hardware limitations (57).

Although the mean e-field strength of TI is comparable to other tES methods, achieving sufficient depth often requires higher intensities, potentially exceeding comfort thresholds and increasing the risk of conduction block (19, 20, 53). A recent study comparing advanced techniques such as HD-tACS and Intersectional tACS highlighted their potential to stimulate deep brain regions (57). However, the authors noted that with further optimisation, TI could achieve greater efficacy by better confining the stimulation field to the target area (57). This potential for further improvement of TI was supported by one more study, comparing tACS to TI (18). Conversely, early computational studies pointed to higher off-target effects in TI, particularly in deep brain stimulation applications, emphasizing the need for improved focality to enhance its clinical utility (60).

As highlighted by Conta et al. (20), variability in the generated e-field distribution presents another challenge for TI stimulation, resulting in inconsistent stimulation effects across individuals. Despite emphasizing the potential benefits that TI can offer, the team underscores the need for individualized stimulation montages in order to better leverage the technology to its full potential (20). Similarly, Zhu et al. reported insufficient stimulation intensity and a limited range of experimental conditions, restricting the exploration of TI's full potential (35). Furthermore, Qi et al. discussed the translational challenges of applying results from animal models to humans, noting the differences in brain complexity and size that complicate achieving precise and effective deep brain stimulation in clinical settings (58).




6 Optimisation of TI parameters


6.1 Electrode configurations and objective functions for enhanced precision

The development of TI stimulation relies heavily on the optimisation of key parameters to achieve precise and effective neuromodulation. While demonstrating the advantage of electrode arrays over conventional electrodes in generating more localized stimulation hotspots, Huang's study highlighted the necessity of numerical optimisation in TI due to the complex relationship between electrode placement and the formation of the resulting e-field distribution (61). To visualize the dynamic nature of TI, Huang deviated from traditional static visualization techniques and adopted a dynamic approach to his simulations, tracking the evolution of the e-field distribution over time, rather than focusing on a single snapshot in time (61). Building on the need for precise adjustments in TI parameters—such as electrode placement, current intensity, phase, and frequency—Lee et al. conducted an exhaustive search across three realistic head models to optimize the “Peak Ratio,” defined as the ratio of e-field amplitude between the target region and cortical areas (62). By evaluating configurations across 61 possible electrode pairs and current levels, they identified setups that maximized the Peak Ratio, thereby improving stimulation precision in the desired brain regions.

Huang et al. extended this framework by introducing a constraint within their optimisation function to minimize off-target e-field effects (63). This added constraint enhanced the precision of TI by focusing on both maximizing stimulation in target areas and minimizing unintended effects in non-target regions (63). Expanding further, Lee et al. introduced the “Peak-Sum Ratio” objective function, defined as the ratio between the maximum e-field amplitude at the target region and the mean amplitude in neocortical regions where the amplitude exceeds 90% of the peak amplitude. This refined objective function, coupled with the sequential addition of electrode pairs, enabled targeted focality enhancements in regions like the hippocampus across three realistic head models (22).

These studies collectively underscore the critical role of defining tailored optimisation metrics, called objective functions, in achieving optimal TI stimulation. Such precision is essential for improving efficacy in targeted brain areas and reducing unintended stimulation in other areas, thus supporting the development of safer and more effective non-invasive neuromodulation techniques.



6.2 Advances in electrode configuration and neural response tailoring

To advance TI parameter optimisation, recent strategies include Cao and Grover's Hodgkin-Huxley model (64), which uses electrode pairs to improve spatial precision, and Missey et al.'s orientation-tunable approach (65) that adjusts stimulation thresholds based on axonal alignment and neuron types.

Cao and Grover's model employs multiple electrode configurations to create dynamic, steerable stimulation patterns, enhancing focality and minimizing off-target effects (64). Their approach introduces “patch-pairs” of electrodes that focus currents into targeted brain areas while reducing unintended stimulation, with findings indicating that different neuron types, such as parvalbumin-expressing inhibitory neurons, may require tailored stimulation strategies (64). Building on these insights, Missey et al. demonstrated that axonal alignment relative to the electric field significantly affects stimulation thresholds, with parallel axons requiring lower current for activation compared to perpendicular ones, highlighting the importance of electrode orientation for precise, minimally invasive deep brain stimulation (65).



6.3 Evolutionary algorithms for TI parameter optimisation

Several studies have employed genetic algorithms (GAs) to address the complexities in optimizing TI parameters. Honarbakhsh and Mohammadzadeh developed a GA-based method to increase spatial resolution by defining an objective function that minimizes off-target e-field exposure while significantly expanding the number of electrode sources, thereby enhancing focal precision in TI applications (66). Similarly, Stoupis and Samaras used GA-based methods to optimize the electric field ratio between the target region's gray matter and surrounding brain tissue (67). These studies show that genetic algorithms are potentially valuable for managing high-dimensional, complex, multi-objective, and non-convex TI optimisation problems.

Building on this, Wang et al. proposed multi-objective optimisation via the evolutionary algorithm (MOVEA) framework, which balances focality and intensity by generating a Pareto front of optimized solutions. This flexible approach explores electrode configurations without predefined constraints, highlighting the potential of evolutionary algorithms in optimizing complex, multi-objective TI scenarios where trade-offs must be carefully managed (68).



6.4 Artificial neural networks for TI parameter optimization

With the recent popularity of deep learning and Artificial Neural Networks (ANN) (69), Karimi et al. extended the computational modeling approach using an ANN framework to estimate TI parameters in two simplified head models: homogeneous and inhomogeneous cylinders (70). The inhomogeneous model incorporated layers representing the scalp, skull, cerebrospinal fluid, and brain tissue. The researchers explored two electrode configurations: one with two electrode pairs and another with four electrode pairs. To train the ANN, they generated two datasets by pre-calculating e-field distributions based on systematically varied stimulation parameters. For the two-electrode configuration, a dataset of 474 samples was prepared, with the network inputs representing the coordinates of the activated area's center of gravity, and the outputs including the total current and current ratios between electrode pairs. For the four-electrode pair configuration, a larger dataset of 15,755 samples was developed, incorporating similar parameter variations while keeping the current ratio fixed for two of the electrode pairs. The ANN demonstrated successful control over the position and shape of the stimulated areas by adjusting the TI stimulation parameters, showcasing its potential for precise neuromodulation (70).

Building on artificial intelligence-based optimisation, Bahn et al. introduced unsupervised neural networks (USNNs) to refine the currents of high-definition electrodes, targeting focal stimulation in deep brain regions (71). Their approach involved a two-part neural network architecture: the first component generated electrode currents, while the second estimated interference exposure based on those currents. These two components operated in tandem, with the exposure network assessing how well the stimulus aligned with the target area and using this feedback to iteratively adjust the weights of the current-generation network through backpropagation. The authors argued that the proposed USNNs offered superior nonlinear optimisation capabilities, enabling to navigate the intricate relationships between electrode placement and stimulation patterns more effectively than traditional methods. Additionally, the flexible network architecture and a targeted loss function—designed to prioritize peak accuracy, concentration, and minimization of off-target effects—were other potential key advantages of the proposed solution (71).



6.5 Challenges and future directions in TI optimisation

Computationally intensive optimisation methods, such as exhaustive search and evolutionary algorithms, are promising but often time-consuming and may not always provide globally optimal solutions (62, 66–68). The need for multiple electrodes to achieve optimal focality is also limited by the channel capacities of current stimulation devices (64). While incorporating neuronal fiber orientation to optimize the e-field has proven effective, this requires magnetic resonance imaging data, which is often inaccessible and time-consuming to obtain (65). Additionally, deep learning methods, though efficient when successful, lack transparency, especially when training datasets and models are not publicly available. The heavy reliance on simulations without sufficient experimental validation raises concerns about the real-world applicability of these findings.

Future research should focus on more efficient optimisation algorithms that balance computational demands with solution quality, potentially through hybrid approaches. Moreover, current methods often overlook the impact of carrier frequency on neuronal excitability, which has been shown to be a key factor (13, 50). Importantly, there is a pressing need for open-source sharing of training datasets, Finite Element Method (FEM) models, and optimisation models in TI for further validation and replicability.

Current objective functions used in TI optimisation often focus on a narrow set of parameters, such as focality and intensity, without fully accounting for the dynamic nature of neuronal excitability or individual variability. While addressing these limitations, it is crucial to delineate the roles of different components in the optimisation process. Factors such as neuron-specific responses, regional differences in tissue properties, and the effects of carrier frequency modulation are better incorporated at the e-field modeling stage, where a more accurate and biologically informed representation of neuronal behavior can be achieved. Objective functions, in turn, should focus on leveraging these improved models to target clinically relevant outcomes, such as maximizing therapeutic efficacy while minimizing side effects. Additionally, hybrid optimisation methods integrating experimental validation and real-world data could help refine these objective functions for better clinical applicability. Furthermore, there is a need for optimisation studies to use real and more detailed, MRI-derived brain images, instead of synthetic or averaged models, which is evident by looking at Table 3, as well as supported by the study of Wang et al., which is underlying the fact, that more detailed models will lead to significantly different results (72).

TABLE 3  Head Model Types used in the reviewed optimisation papers.


	References
	Head Model Type





	Lee et al. (62)
	MRI-derived head models from 3 healthy male participants.



	Huang, (61)
	Standard MNI-152 average head.



	Missey et al. (65)
	No human head model (mouse hippocampus network).



	Bahn et al. (71)
	Population Head Models repository: 38 MRI-derived head meshes.



	Huang et al. (63)
	ICBM-152 v6 template head.



	Karimi et al. (70)
	Analytical homogeneous vs. inhomogeneous synthetic models.



	Esmaeilpour et al. (13)
	The origin of the head model was not stated.



	Stoupis and Samaras, (67)
	Population Head Models repository: 38 realistic head meshes.



	Wang et al. (19)
	Individual MRI derived FEM models (subject specific segmentation).



	Wang et al. (72)
	Both synthetic spherical and MRI derived models.








7 New TI modalities

Although TI is relatively new, several innovative modalities are continuously emerging, enhancing the original interferential method proposed by Grossman et al. (4). This section briefly discusses how some of these advancements are pushing the boundaries of non-invasive brain stimulation. A summary of the studies covered in this section can be found in Table 4.

TABLE 4  Comparison of novel TI modalities: key metrics and trade-offs.


	Modality
	Envelope control
	Focality change vs. TI
	Max e-field (V/m)
	Current limitation





	Standard TI
	Continuous beat
	Baseline
	0.5
	N/A



	PMI (16)
	Pulse-like
	+0%
	0.5
	Phantom only



	Epicranial TI (73)
	Continuous
	+9%
	1.9
	Invasive



	Gigahertz TI (74)
	Continuous
	NS
	Up to 12
	Invasive



	Epidural TI (75)
	Continuous
	NS
	1
	untested in vivo



	PWM-TI (76)
	Duty-cycle
	±0%
	0.5
	Modeling only



	STFS (77)
	Arbitrary
	NS
	NS
	untested in vivo



	MTI (78)
	Continuous
	Steerable
	NS
	Modeling only




TI, Temporal Interference; PMI, Phase Modulation Interference; E-field, Electric Field; STFS, Spatio-Temporal Fourier Synthesis; MTI, Multi-Point Temporal Interference; PWM-TI, Pulse-Width Modulated Temporal Interference; NS, Not Stated.




7.1 Phase modulated temporal interference

Terasawa et al. introduced Phase Modulation Interference (PMI), allowing transient changes in the stimulation envelope's amplitude, achieving finely controlled, pulse-like stimulation envelopes (16). These results were obtained through a simulation study and later confirmed by a tissue phantom experiment, where both the simulations and experimental measurements showed consistent spatial distributions of the envelope modulation amplitude, validating the computational model with real-world experimental data.



7.2 Minimally invasive temporal interference

Invasive TI approaches, such as epicranial cortical stimulation, can improve e-field targeting, enhancing its intensity by up to 3.8 times and increasing focality by 9% compared to transcranial TI methods (73, 79). Additionally, deep brain stimulation using temporally interfering electromagnetic waves in the gigahertz range, generated by endocranially implanted antenna arrays, can bypass scalp attenuation, achieving higher focality and e-field intensities at deep brain targets, up to 12 V/m (74).

Lee et al. evaluated the feasibility of minimally invasive epidural temporal interference (eTI) for deep brain stimulation using a combination of computational simulations and phantom model experiments (75). By modeling e-fields, they optimized eTI to selectively target the Anterior Hippocampus, Subthalamic Nucleus, and Ventral Intermediate Nucleus of the Thalamus. Their simulations suggested that an e-field amplitude of 1 V/m could be achieved with a 5.6 mA current, within safety ranges from prior epidural studies in stroke and depression (80, 81). Validation through a skull phantom, filled with brain-mimicking agarose gel and outfitted with copper electrodes, showed close agreement between simulated and experimental e-field distributions. Although promising, further testing, including temperature and in-vivo studies, is required to assess clinical safety and tolerability fully.



7.3 Pulse-width modulation

Luff et al. developed Pulse-width Modulated Temporal Interference (PWM-TI), a non-invasive technique that modifies electrical field parameters through pulse-width modulation rather than traditional sinusoidal signals (76). Using ex-vivo and in-vivo methods, including computational modeling and mouse studies, they showed that PWM-TI performs similarly to conventional TI. Their findings indicate that the interaction between pulse-width modulation and cell membrane time constants influences the resulting electric field dynamics. This suggests that varying the duty cycles of the signal could enable targeted modulation of specific cell types.



7.4 Spatio-temporal Fourier synthesis

Beyond conventional temporal interference approaches, recent advancements have explored novel stimulation paradigms leveraging the principles of spatio-temporal Fourier synthesis (STFS) (77). Kish et al. introduced a method that utilizes multiple electrode pairs driven by harmonically structured sinusoidal currents to enhance both the spatial and temporal precision of deep-brain stimulation (77). Unlike traditional TI, which relies on high-frequency beating sinusoidal currents, STFS constructs sharp, localized stimulation spikes while maintaining low stimulation intensity at the scalp (4, 77). Computational simulations have demonstrated that STFS can generate various signal configurations, including high-frequency prime harmonics, quasi-random noise, and chirped waveforms, each offering unique stimulation profiles. While this technique shows promise for achieving targeted neuromodulation with improved focality, further validation in experimental and clinical settings is necessary to refine stimulation waveforms and assess safety and efficacy.



7.5 Multi-point temporal interference stimulation

Multi-Point Temporal Interference (MTI) stimulation builds upon traditional TI by introducing a method to simultaneously and independently target multiple deep brain regions (78). By assigning distinct frequencies to each electrode, MTI avoids the need for additional electrode pairs, streamlining its application for both research and clinical settings. This modality optimizes stimulation parameters, including frequency and amplitude, to minimize artifacts while ensuring precise e-field strength across multiple targets. Validated through several computational models of varying complexity as well as tissue phantom experiments, MTI demonstrated the ability to generate independent, steerable stimulation points. This advancement offers a potentially versatile tool for modulating complex brain networks involving deep structures, expanding the capabilities of non-invasive neuromodulation (78).



7.6 Challenges and future perspectives in new TI modalities

Despite the promising advancements in new TI modalities, several challenges remain in fully realizing their potential for non-invasive brain stimulation. Precise targeting of deep brain regions while minimizing effects on surrounding tissues is a key hurdle. Recent studies have highlighted that inter-individual anatomical variability can shift the focal spot of stimulation significantly, making fixed montages unreliable without per subject optimisation. However, purely individualized optimisation demands high resolution MRI and heavy computation, whereas population based templates can match personalized optima within 1~7%, offering a more scalable compromise (82, 83). Techniques like single pulse TI and pulse width modulated TI offer improved control over stimulation parameters, but optimizing spatial resolution remains an active area of research (76, 82–84). Safety concerns, particularly regarding the long-term effects of high-frequency stimulation, require thorough clinical trials to assess potential risks and side effects (73, 79). The reliance on computational models to optimize electrode configurations demands empirical validation to ensure their accuracy in real-world applications (74, 78). A deeper understanding of the underlying neural mechanisms is critical for tailoring interventions to specific neurological conditions. Addressing these challenges through targeted research is key to translating new TI modalities into clinical practice.




8 Clinical applications of TI assessed in humans

Although TI has extensive potential applications, only limited studies have evaluated its efficacy in humans, focusing on motor learning, working memory, epilepsy, and Parkinson's Disease (7, 31, 32, 38, 85, 86).

Two complementary studies investigated TI's effect on motor learning via targeting the striatum. Both found that TI successfully modulates motor performance. Wessel et al. observed that theta-burst stimulation using burst protocol improved motor performance and striatal-frontal connectivity in 15 young, healthy individuals, with similar results in a cohort of older adults (32). Similarly, Vassiliadis et al. showed that 80 Hz TI enhanced motor skill acquisition and connectivity in 48 healthy volunteers, assessed through a force-tracking motor learning task (38). Building on these findings, Zheng et al. focused on the Primary Motor Cortex (M1) and demonstrated that TI stimulation effectively enhances motor excitability and performance in humans (31). Using both computational and experimental approaches (N = 40), they showed significant improvements in vertical jump performance, including countermovement and squat jump heights.

In a sham-controlled trial, Zhang et al. assessed TI's impact on working memory compared to tACS and sham (34). While TI showed effective blinding, it resulted in only slight working memory improvements under high cognitive load, with no significant differences between TI and other stimulation methods. The study, though confirmed TI's safety and potential, indicated the need for further research with larger sample sizes.

Finally, Acerbo et al. explored TI as a non-invasive alternative to deep brain stimulation for epilepsy, demonstrating its ability to target deep brain structures, such as the hippocampus. In a cadaver-based study, TI at an envelope frequency of 130 Hz reduced pathological biomarkers, including a more than 50% reduction in fast ripples, suggesting its potential for treating epilepsy (85).


8.1 Limitations and future directions

The first-in-human applications of TI have shown promising potential in areas such as motor learning and epilepsy. However, several limitations must be addressed to fully harness its clinical potential. Importantly, most TI studies lack a clear understanding of the neural mechanisms underlying TI's effects. Future research should aim to identify the specific brain regions and networks targeted by TI and how these changes correlate with behavioral outcomes. Techniques such as functional magnetic resonance imaging or electroencephalography could be used to explore these real-time brain changes, with some pilot studies already being conducted (7). Addressing these limitations and expanding our understanding of TI effects will be key to realizing its full potential.

Another limitation is the sample size and diversity of the existing studies, which predominantly involve healthy young adults. To enhance the applicability of TI, future research should include larger, more diverse populations, including individuals with neurological conditions. The focus on short-term effects is another limitation. While initial results are promising, little is known about the long-term safety and efficacy of TI. Therefore, future research should expand participant demographics to include a diverse range of ages, health status, and racial backgrounds, enhancing the generalisability of the findings. Longitudinal studies are needed to assess the durability of TI's effects and identify any potential risks associated with prolonged use.




9 Conclusion

This review highlights TI's potential in targeting deeper brain structures not traditionally reachable by tES, indicating a potential to serve as an alternative treatment for neurological conditions. Nevertheless, significant challenges remain that must be overcome to advance the technology's development. Clarifying the definition of TI-sham and understanding the effects of high-frequency sham on the brain is vital for accurate control conditions. Additionally, identifying the optimal envelope frequency and determining the maximum safe injection current is crucial for maximizing efficacy and safety.

The current research on TI stimulation faces several limitations that need to be addressed to enhance its accuracy, reproducibility, and translational potential. One major challenge lies in the reliance on computational models, which, while beneficial, often involve approximations that can skew results. Models lacking sufficient anatomical detail, such as the omission of cerebrospinal fluid or variations in tissue conductivity, can lead to inaccuracies in predicting e-field distributions and stimulation outcomes. To mitigate this, future models should incorporate more detailed anatomical and biophysical features, improving the fidelity of simulations and their alignment with empirical results (72). Additionally, anatomical variability between individuals presents a challenge to achieving consistent and comparable results. TI studies have yet to fully account for these variations, which can significantly influence the e-field distributions and, thus, stimulation outcomes. Future research should focus on addressing individual differences between patients to ensure that the same brain regions are stimulated. Furthermore, this personalisation needs to take into account the effects of the stimulation area and its effects on the e-field intensity.

Finally, there is a significant gap in understanding TI's long-term effects. Currently, studies focus on short-term stimulation effects, leaving potential long-term impacts largely unexplored. Expanding the duration of these studies could offer crucial insights into TI's performance over extended periods. This duration increase could be in the form of repeated visits, exploring the longevity of TI-induced effects, or—focusing on longer protocols, exploring the effects of e-filed saturation in the brain and its associated physiological and behavioral changes. In addition, there is a pressing need to increase sample sizes in human and animal studies. Larger sample sizes would allow for a more robust examination of how TI's parameters vary across different individuals, thus providing a clearer understanding of its effects. Addressing these issues systematically will be crucial in leveraging TI's full potential as an effective neuromodulation method.

Future research must continue to develop personalized protocols, leveraging computational models to refine stimulation parameters. Extensive clinical trials are essential to validate TI's efficacy across diverse populations. While TI represents a frontier in non-invasive brain modulation, its advancement depends on a deeper understanding of its mechanisms, technological innovation, and rigorous clinical validation.

Despite the extensive research on optimisation and personalisation, a critical knowledge gap persists: how exactly do techniques like TI stimulation interact with brain tissue and influence the complex networks within the brain? Even with tDCS—a technology that has been in use for a while—our understanding of its precise mechanisms of action is still incomplete. This underscores an urgent need for more comprehensive, multidisciplinary research. Clinicians, biophysicists, neurologists, neuroscientists, and engineers must come together to unravel these intricacies. By integrating insights from various fields, we can paint a clearer picture of how TI and other brain stimulation techniques affect different regions, cell types, and the emergent properties of neural networks. Understanding the working principles of TI—much like any form of neuromodulation—requires bridging the knowledge from different domains to unlock its full potential.
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