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Abstract—Stroke causes motor and cognitive 

impairments. Neural stimulation techniques such as 
repetitive transcranial magnetic stimulation (rTMS) and 
transcranial direct current stimulation (tDCS) has shown 
promise in rehabilitating impaired neural functions. 
However, despite the reported efficacies, stimulus 
parameters (i.e., applied field amplitude, frequency, and 
duration) are loosely defined and carry the risk of non-
localized heat dissipation, seizure, and scalp discomfort due 
to high field intensities and direct contact of the devices with 
the scalp. To advance stroke therapy and to minimize their 
associated risks, we are exploring an alternative 
neuromodulation strategy termed ultra high frequency-low 
intensity magnetic stimulation (UHF-LiMS) designed to 
enhance functional recovery. For preclinical assessment, 
focal infarction was induced via photothrombosis in the 
internal capsule area of the subcortex in male Sprague-
Dawley rats, a region well-documented for suppressing 
spontaneous longitudinal recovery. Sinusoidal magnetic 
fields (3–10 mT peak amplitude, 400 kHz) were applied, and 
functional recovery was assessed behaviorally and via 
imaging. In addition, longitudinal [^18F]-FDG microPET 
scans and immunohistochemical analysis of c-Fos 
expression were used to evaluate metabolic activity and 
neural activation at cellular level.  Magnetic stimulation 
induced substantial somatomotor and somatosensory 
recovery, with behavioral scores improving by up to ~70% of 
pre-infarct levels. PET imaging showed reduced stroke-
induced diaschisis and increased cortical and subcortical 
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metabolic activity with statistically significant correlations. 
Elevated c-Fos expression in both cortical and subcortical 
regions indicates enhanced neuronal activation, serving as a 
transcriptional signature of neural plasticity. Our study 
demonstrates that UHF-LiMS effectively restores motor and 
sensory functions in a white matter stroke model, 
highlighting its therapeutic potential as a neurostimulation 
technique. 

 
Index Terms—UHF-LiMS, Ultra-high frequency low 

intensity magnetic stimulation, infarct capsule stroke, 
Longitudinal 2-deoxy-2-[18F]-fluoro-D-glucose microPET, 
metabolic activity, diaschisis, functional recovery.  

I. INTRODUCTION 

 Stroke is a leading cause of long-term disability, as it often 

leads to permanent deficits in sensory, language, and motor 

functions, thereby creating significant economic and emotional 

burdens where treatment options for chronic disease survivors 

remain limited [1-6]. Various neurorehabilitation methods have 

been developed to augment residual motor functions and to 

improve the quality of life [7] for stroke survivors [8-11]. In 

addition to brain stimulation techniques, stroke rehabilitation 

includes behavioral and task-oriented therapies such as 

constraint-induced movement therapy, technology-assisted 

approaches including robot-assisted rehabilitation, and 
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peripheral neuromodulation strategies such as vagus nerve 

stimulation paired with rehabilitation training [12]. Among 

these methods, repetitive transcranial magnetic stimulation 

(rTMS) has been widely used to promote functional recovery in 

chronic stroke patients [6, 13, 14]. Current TMS protocols 

utilize high-intensity magnetic fields (1-2 Tesla) at the coil 

surface to induce cortical excitability changes typically within 

a frequency range of 1 to 100 Hz, with the aim of enhancing 

brain plasticity and function [15-17]. However, these high-

intensity protocols pose safety concerns due to frequent 

exposure to strong magnetic fields, potentially increasing side 

effects such as seizures, syncope, headaches, local pain, and 

paresthesia [18, 19]. The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) and the U.S. National 

Institutes of Health (NIH) have established guidelines by 

defining safe exposure levels and distances [20]. Nevertheless, 

for the long-term safety of the patient population, exposure 

limits to non-ionizing radiation remains ill-defined and there is 

a need for alternative stimulation methods which minimize 

unnecessary risks in vulnerable patients. A recent report 

suggests that low-intensity, high-frequency magnetic 

stimulation could serve as a viable alternative.  Labruna et al. 

have shown that kilohertz-frequency magnetic stimulation (2-

3.5 kHz) can enhance cortical excitability [21]. Preclinical 

studies have shown that low-intensity magnetic stimulation 

(LiMS) induces adaptive changes in cortical neurons, 

characterized by enhanced synaptic plasticity, improved motor 

skill acquisition, increased expression of brain-derived 

neurotrophic factor (BDNF), and reduced action potential 

thresholds that facilitate greater neuronal excitability [22]. 

Moreover, LiMS applied at various frequencies and stimulation 

patterns regulate neuronal functions such as excitability [16, 

23], plasticity [24], survival, and calcium signaling [25-27]. 

However, it has yet to be determined whether LiMS has any 

therapeutic efficacy as related to chronic stroke. A recent study 

demonstrated the biological effects of high-frequency magnetic 

pulses in the kHz to MHz range, particularly in the context of 

low-intensity magnetic stimulation, such as 1 MHz pulses, 

generates electric fields capable of penetrating neural tissue 

more efficiently while requiring less power compared to 

conventional TMS, thereby demonstrating the feasibility of 

integrating high-frequency, low-intensity stimulation, 

potentially opens new avenues for the therapeutic applications 

of TMS [18, 28]. Task-specific rehabilitation exercise (TSRE) 

is crucial for enhancing post-stroke recovery because it engages 

neural circuits underlying specific motor functions, particularly 

forelimb movement, thereby promoting targeted and 

functionally relevant neural plasticity [29], as approximately 

30% of stroke survivors fail to regain full limb function and 

remain permanently disabled [30]. However, combining TMS 

with TSRE is challenging due to bulky TMS systems and the 

necessity for precise coil positioning over specific brain 

regions, further complicating mobility or wearable applications. 

Therefore, it became clear that these limitations need to be 

addressed to make the combination of TMS and TSRE a 

feasible treatment modality for treating chronic stroke and 

evaluating post-stroke outcome [31].  

To address these challenges and to explore new therapeutic 

possibilities, we developed an innovative stimulation 

environment comprised of a controller, cooling system, power 

station, and a uniquely designed body coil capable of generating 

ultra high frequency-low intensity magnetic fields (UHF-

LiMS). The coil’s distinctive geometry ensures that an optimal 

magnetic field is distributed around the head, thereby 

facilitating awake stimulation in combination with task-specific 

exercises, such as the single pellet reaching task (SPRT). Our 

goal was to determine whether a novel stimulation protocol 

with task-specific exercises, in awake animals could promote 

functional recovery in a rat model for a severe chronic capsular 

stroke. Specifically, we investigated how UHF-LiMS 

contributes to post-stroke recovery, as evaluated by behavioral 

outcomes, longitudinal 2-deoxy-2-[18F]-fluoro-D-glucose 

microPET scans, and immunohistochemical analysis. Our study 

provides new insights into how the combination of high 

frequency-low intensity magnetic stimulation provides safer 

and more effective treatment modality for stroke rehabilitation. 

II. MATERIALS AND METHODS 

A. Animals 

 All animal experimental procedures were approved by the 

Gwangju Institute of Science and Technology Animal Care and 

Use Committee (GIST-2019-074). Animal ARRIVE guidelines 

were followed in the preparation of the manuscript. This study 

used 32 male Sprague Dawley rats (9 weeks old, approximately 

300 g), with eight animals assigned to each experimental group. 

The rats were housed in cages, with free access to both food and 

water at all times, and kept on a 12 h light/dark cycle (07:00–

19:00) at 22°C and 50% humidity. 

 

B. Induction of Photothrombotic Capsular Infarction 

Animals underwent photothrombotic stroke lesioning in the 

PLIC in the contralateral hemisphere of the preferred forelimb. 

Briefly, animals were anesthetized with a mixture of ketamine 

hydrochloride and xylazine and placed into a rodent stereotaxic 

frame. Rectal temperature was maintained at 37.5°C using 

heating pad. After a scalp incision, a small hole was drilled and 

an optical fiber (core diameter of 62.5 μm and an outer diameter 

of 125 μm) was stereotaxically inserted into the PLIC (AP = -

2.0 mm, ML = ±3.1 mm DV = 7.8 mm from the bregma). Rose 

Bengal dye (20 mg/kg) was then injected intravenously and the 

rats were irradiated for 1.5 minutes using a green laser (3.7 

mW). After laser irradiation, the optical fiber was removed, the 

scalp wound sutured, and the animals were treated with 

ketoprofen (2 mg/kg, i.m.) for postoperative pain control. 

 

C. Computational Modeling of the Electrical Field 

 Computational models were developed using images from a 

computerized tomography (CT) scan of the rat to evaluate the 

stimulation-induced electric field across the skull. This model, 

which includes both the skull and detailed brain structures, 

allowed us to align precisely the simulation geometry with the 
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physical setup, which was crucial for accurately modeling the 

magnetic field interaction with the brain. The rat CT images 

were acquired using a volumetric micro-CT scanner (NFR 

Polaris G90C, NanoFocusRay, Ikson, Korea). The image size 

was 1024×1024 pixels and 434 slices, and the size of the voxels 

was 0.0698×0.0698×0.1396 mm3. Manual segmentation was 

made using Seg3d (NIH/NIGMS CIBS, University of Utah, 

UT, USA) [32] to guarantee continuity and to improve the 

accuracy of segmentation. The volume conduction model was 

constructed to include the scalp, skull, and brain. Lastly, the 

finite element model of the rat head was generated by an 

optimized tetrahedral mesh using the Iso2Mesh toolbox [33], 

TetGen [34], and Matlab. We used the Kodein toolbox to create 

the rectangular coil employed in this study [35] and SimNIBS 

version 4.0 (http://www.simnibs.org) [36] to simulate the 

AMF- induced electric field. In the simNIBS workflow, 

simulations begin by computing the change in the magnetic 

vector potential from the coil models, and the Kodein Box 

calculates the magnetic vector potential from user-defined coil 

path data. Simulation problems are then solved using the finite 

element method. The electrical properties of each tissue, which 

were taken from standard conductivity values from SimNiBS, 

were assigned as follows (S/m): skin: 0.465; skull: 0.01; brain: 

0.275 [37]. 

D. Design of Magnetic Field Generation and Behavioral 
Testing Setup     

 Alternating magnetic fields were generated using custom-

designed, water-cooled rectangular coil driven by a 5 kW power 

generator (Ultraflex Power Technology, Ronkonkoma, NY, 

USA), with an operational frequency range of 50–450 kHz. The 

coil assembly had a free aperture size of 12.7 × 4.75 mm and an 

overall length of ~320 mm. The system achieved a peak 

magnetic field of 14.5 kA/m, with a maximum current of 648 A 

at ~415 kHz, corresponding to 2594 ampere-turns as specified 

by the power supply. The current density was calculated as 10.8 

A/mm², while the total inductance of the three parallel pancake 

windings was 1.01 µH. At maximum field, the total power 

consumption was ~270 W (RMS). Structurally, the coil 

consisted of four turns, providing an optimized balance between 

field strength and resistive losses.  The dimension of 

rectangular coil was 96 mm x 82 mm x160 mm with the four 

turn structure designed to house the “behavioral testing box”. 

Importantly, the novelty of the coil design does not lie in 

introducing a fundamentally new magnetic principle, but in 

enabling stable and behavior-compatible delivery of ultra-high-

frequency, low-intensity magnetic stimulation (UHF-LiMS) in 

awake, task-engaged animals. The coil geometry is an original 

design developed, specifically tailored to accommodate both 

the anatomical scale of the rat head and the functional 

requirements of awake behavioral experiments. Rather than 

employing a uniformly wound or simply down-scaled circular 

coil, the winding distribution was deliberately configured to 

reduce dead space and to enhance magnetic field delivery 

within the brain-relevant region of the behavioral enclosure. 

The concentric rectangular layout further allows animals to 

perform tasks such as single-pellet reaching without 

obstruction, while maintaining stable magnetic field coupling 

to the target brain regions. This design therefore supports 

consistent stimulation under natural behavioral conditions. The 

magnetic field strength was first simulated based on coil design 

and validated by direct measurement of voltage from the nine 

probes placed in the fabricated fixture. 

E. Ultra-high frequency low intensity magnetic 
stimulation 

 Consistent with our earlier studies [38], we confirmed 

persistent motor deficit for two weeks in all the experimental 

animals to ensure a reliable capsular infarct lesioning. Each 

animal was placed in a behavioral test box, which itself was 

positioned inside a water-cooled rectangular magnetic coil and 

only the experimental groups received magnetic stimulation. To 

determine the field strength of AMF for magnetic stimulation, 

we adjusted the strength (kA/m) and frequency (kHz) within 

physiologically safe ranges [39]. 

Three different magnetic fields strengths were generated (3 

kA/m, 5 kA/m, and 10 kA/m) via AMF programmer. These 

magnetic strengths corresponded approximately to 3 mT, 5 mT 

and 10 mT, respectively. The stimulation protocol included 20 

seconds of active stimulation followed by a 40 second rest 

period. This cycle of stimulation was repeated for 21 minutes 

while the animals underwent SPRT testing in the same manner 

as described above. 

F. Behavioral Evaluation 

 All rats were trained on Single Pellet Reaching Task (SPRT) 

daily (pretraining period), before stimulation (following infarct 

lesioning) and during magnetic stimulation experiment. The 

SPRT was conducted in a box made of clear Plexiglas that 

measured (45 cm × 40 cm × 13 cm) with 1cm in the middle of 

front wall. A small food shelf was attached in front of the slit. 

The handedness of each rat was determined by evaluating how 

successful the rat's preferred paw was in retrieving sucrose 

pellets (Bio-Serve, Frenchtown, NJ) that had been placed on the 

shelf during the pre-training phase. The rats were given 20 

pellets in twenty-one minute of session. Reaching performance 

was calculated as the percentage of successful retrieval of 

pellets according to following equation: 

 

𝑆𝑃𝑅𝑇 𝑆𝑐𝑜𝑟𝑒 % =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙 𝑟𝑒𝑡𝑟𝑖𝑒𝑣𝑎𝑙 × 100

20
 

  

G. Longitudinal Micro-Positron Emission Tomography 
Imaging Protocol and Evaluation 

All animals in the control and experimental groups 

underwent longitudinal microPET scans to evaluate their 

regional glucose metabolism (rGM). The rats were subjected to 

four scans as follows: the baseline prior to infarct lesioning 

(baseline scan), two weeks following lesioning but before 

magnetic stimulation (PS-1), 7 days’ post-stimulation (PS7) 

and 14 days’ post-stimulation (PS14). Animals were deprived 

of food for 12 h and then injected with [18F]-FDG (0.1 mCi/100 

g) through the tail vein under brief isoflurane anesthesia. After 

a thirty-minute uptake period, the rats were anesthetized again 

with 2% isoflurane and placed in a prone position on the 

microPET scanner (Siemens Medical Solutions, TN, USA) with 

a holder that was specifically fabricated to immobilize their 

heads (Hyosung Inc., Gwangju, Korea). We acquired a static 
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PET scan for 25 minutes and a CT scan with attenuation 

correction for 5 minutes. During the scan, the breathing rate 

(50±5 respirations/min) heart rate (280±20 beats/min) and core 

temperature (37.0±1 °C) were recorded and displayed on a 

computer (BioVet; m2m Imaging Corp, Newark, NJ, USA). 

After attenuation correction, the collected images were 

reconstructed using the three-dimensional ordered-subsets 

expectation maximum (3D-OSEM) technique, which included 

integrated scatter correction and random correction. The 

imaging data were analyzed using the MINC toolkit 

(McConnell Brain Imaging Centre, Montreal Neurological 

Institute, Canada) and the AFNI software suite (National 

Institutes of Health, Maryland, USA). Spatial normalization 

was performed to align all images to a standardized MRI 

template of the Sprague Dawley rat brain. Voxel intensities 

were then normalized to the average whole-brain intensity to 

ensure consistency across datasets. To improve spatial 

resolution and to reduce noise, the images were smoothed using 

an isotropic Gaussian kernel with a full width at half maximum 

(FWHM) of 1.2 mm. 

H. Immunohistochemical Analysis 

After two weeks of magnetic stimulation, animals were 

sacrificed and processed for immunohistochemical analysis. 

Briefly, rats were perfused with 0.9% saline and 4% 

paraformaldehyde (PFA) and coronal brain sections were 

prepared (40 µm) on a freezing microtome (Cryocut 3000, 

Leica Biosystems. Histological sections were prepared using 

Nissl staining and anti-GFAP staining (1:300, Millipore, 

AB5541). c-Fos labeling was used as a measure of brain activity 

(1:1000, Cell Signaling, 2250S). A cell density map of c-Fos 

expression was constructed using MATLAB (MathWorks, 

Natick, Massachusetts, United States) and ImageJ 

(https://imagej.nih.gov/ij/) as shown in our previous studies 

[40]. 

I. Statistical Analysis 

FDG-microPET images were analyzed statistically with a 

group-level linear mixed-effect model (3dLME in AFNI). The 

image analysis compared prelesional (baseline) and post-

lesional images (PS-1, PS7, and PS14) to identify longitudinal 

changes in cortical diaschisis and glucose metabolism by 

magnetic stimulation. Statistical maps were corrected and 

thresholded at the significance level (p < 0.001, false discovery 

rate q < 0.05). In addition, the image analysis compared the pre-

stimulation (PS-1) and post-stimulation images (PS7 and PS14) 

to assess effects of magnetic stimulation. Statistical maps were 

thresholded at the significance level in AFNI (α = 0.05, p < 

0.001, k < 39) and the maps were superimposed on the MRI 

template, thus revealing regions with significant metabolic 

change.  

To gain deeper insights into the brain regions exhibiting 

elevated metabolic activity, a Pearson’s correlation map was 

constructed. Regions of interest (ROIs) were selected in the 

cortical areas, including the motor and sensory cortices, at PS7 

and PS14 along the ipsilateral and contralateral sides. These 

ROIs were delineated using AFNI to ensure reliable analysis. 

Each section was segmented further to facilitate accurate and 

detailed analysis. For this analysis, positive voxel values from 

each activated region identified in the PET scans were used to 

calculate Pearson correlation coefficients with reaching score, 

enabling a quantitative assessment of the stimulation effected 

in the brain. Statistical analysis was performed using Prism 7 

(GraphPad, San Diego, CA, USA). The association between 

changes in cortical diaschisis volume, NMA, and SPRT 

performances over time were analyzed using repeated-

measures two-way ANOVA with Bonferroni post hoc test. In 

addition, the c-Fos data were analyzed using a two-way 

ANOVA followed by a Bonferroni post hoc test. This study 

employed Threshold-Free Cluster Enhancement (TFCE) 

analysis to examine the volume of individual clusters in regions 

with elevated metabolic activity, utilizing the MRIcroGL 

software. To analyze infarct volume, an analysis of variance 

followed by Tukey's test was used. Using linear regression 

(p=0.05), correlations between NMA and SPRT scores were 

assessed, and changes in NMA or diaschisis volume were 

compared to SPRT scores. The information is given as a mean 

and standard deviation (S.E.M.). Asters denote significance 

((*p<0.05), (**p<0.01), (***p0.001), (****p<0.0001) and ns, 

not significant) respectively. 

IV. RESULTS 

A. Optimization of a magnetic field setup and preliminary 
effect 

The magnetic stimulation system consists of a programmable 

power supply, a cooled-water-based magnetic field generator, 

and a custom fabricated magnetic coil (Fig. 1a). The coil, with 

four rectangular turns and an open architecture, was specifically 

engineered to facilitate unrestrained stimulation of awake rats 

without requiring anesthesia. Also, its geometry emphasizes a 

stronger peripheral magnetic field relative to the central region 

(0,0,0). Three distinctive stimulation intensities 3 mT, 5 mT and 

10 mT were implemented with a standardized stimulation 

protocol (Fig. 1b). The system specifications are detailed in the 

Materials and Methods section under “Design of Magnetic 

Field Generation and Behavioral Testing Setup”. The coil 

measures 96 mm x 82 mm x 160 mm, as depicted in (Fig. S1a). 

To enhance the field orientation near the anterior and posterior 

ends of the device coil, winding density was increased in these 

regions.  
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Fig. 1. Experimental setup and electromagnetic field characterization 

of UHF-LiMS. (a) Schematic of the stimulation setup comprising a 

programmable supply, magnetic generator, and custom four-turn coil. 

(b) Illustration of stimulation waveforms at 3, 5, and 10 mT at 400 kHz 

frequency, with a 20 s ON / 40 s OFF cycle repeated for ~21 min. (c) 

Experimental and simulated magnetic field profiles along the coil’s 

central axis (150 mm, anterior–posterior) showing symmetric 

distribution and intensity-dependent peaks. (d) Simulated 3D 

distribution of magnetic and induced electric fields in a rat head model 

(skull + brain) positioned at the periphery. (e) FEM simulations 

depicting the induced electric field distribution within the brain, with 

heatmaps showing field penetration and localization across anatomical 

views. 

A 3D-printed fixture with nine spatially distributed 

measurement points, approximating the in vivo rat brain 

position was used to optimize field uniformity (Fig. S1b).  

Magnetic flux density was derived from oscilloscope voltage 

readings converted to magnetic field intensity (A/m) following 

the procedure outlined in "Calculation of Manual Magnetic 

Field" of the Supplementary Text. With the coil current at 

528ARMS, the magnetic field strength was mapped 

longitudinally, revealing deviations in the anterior and posterior 

(Fig. 1c).  These peaks correspond to coil turns, whereas field 

minima (troughs) were found between the turns. To verify our 

experimental observations, computer simulations using 

ANSYS HFSS and a SOLIDWORKS modeled coil were 

performed. Simulated distributions showed strong concordance 

with experimental results across all tested intensities (Fig. 1c). 

The in vivo positioning of the rat brain during stimulation was 

digitally co-registered with a 3D head model encompassing the 

skull and brain (Fig. S1c). Simulations of induced electric fields 

were performed using the SimNIBS platform and a coil model 

from the Kaiserslautern Coil Design Instrument (Kodein). 

When placed at the center coil (Fig. S1d) and anterior (Fig. 1d) 

respectively, our results showed greater induced electrics at the 

periphery, highlighting the non-uniform distribution of the 

electric filed.  

 

 
Fig. 2. (a) Experimental timeline: SPRT training (−15 to 0), stroke 

induction (0), stimulation (15–27), and FDG-µPET at baseline, PS−1, 

PS7, and PS14. (b) Schematic of stroke targeting the internal capsule 

(IC) with histological validation: Nissl staining shows infarct 

boundaries, and GFAP staining reveals lesion-core gliosis. (c) 

Quantification of infarct volume shows no significant differences 

between groups (one-way ANOVA, F (3, 28) = 0.8681, p = 0.4693). (d) 
Daily success rate across all groups. Shaded green region indicates the 

stimulation period. Statistical analysis via two-way RM ANOVA (F 

(90, 840) = 7.016, p < 0.0001). (e) Percentage recovery relative to pre-

lesional performance, showing significant behavioral restoration in the 

5 mT and 10 mT groups by PS14 (two-way ANOVA, F (2, 21) = 48.70, 

p < 0.0001). All bar graphs represent mean ± SEM. Significance 

determined by Tukey's multiple comparison test (*p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001). 

 

Finite Element Method (FEM) simulations corroborated these 

findings, indicating lower central electric field magnitudes (Fig. 

S1e) compared to the periphery (Fig. 1e). To assess the 

simulation effects in vivo, cohorts of naïve rats (see section 

“Animals”), who received no prior exposure to magnetic fields 

or behavioral training were used. The stimulation timeline (Fig. 

S2a) and protocol is provided in the supplementary text, under 

the section “Naïve Animal Study (Timeline)”. FDG-microPET 

imaging revealed bilateral cortical glucose hypermetabolism 

relative to subcortical areas, consistent with the predictions 

from our model (Fig. S2b). 3D rendering representation of 

activated clusters confirmed widespread engagement across the 

cortical regions (Fig. S2c). Further c-Fos expression by 

immunohistochemical analysis demonstrated elevated neuronal 

activity at the cellular level in all stimulation groups (Fig. S2d). 

Together, these experimental and computational analyses 

confirm that UHF-LiMS delivers spatially heterogeneous fields 

that can preferentially engage cortical networks, proving its 

utility in neurostimulation. 
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B. UHF-LiMS enhances behavioral recovery in stroke 
model 

The detailed experimental timeline and procedures are 

illustrated in (Fig. 2a) with detailed group information available 

in the supplementary text under “Stroke Animals Study 

(Timeline)”. A total of 32 rats were assigned to four groups as 

follows: control, 3 mT, 5 mT, and 10 mT. We performed 

chronic photothrombotic capsular infarct surgery on all 

animals, which led to persistent motor deficits approximately 

14 days’ post-induction of stroke, consistent with established 

stroke models [38, 41]. 

Additionally, the infarct was localized to the internal capsule as 

confirmed by Nissl and GFAP staining (Fig. 2b). To assess 

motor recovery, single pellet reaching task (SPRT) (see 

“Behavioral Evaluation”), a validated assay for evaluating fine 

motor function following subcortical injury was employed [38]. 

Lesion volumes across groups were also quantified (Fig. 2c). 

All animals were evaluated across three sequential stages 

including: pre-training, stroke induction and magnetic 

stimulation. The behavioral assessment setup during the 

stimulation phase is depicted in (Fig. S3a). Across all the 

stimulation timepoints, animals in all UHF-LiMS treated 

groups exhibited significant improvement in forelimb function, 

while the control group animals failed to show meaningful 

recovery. During the first week of stimulation, all treatments 

groups showed a progressive performance increase in SPRT 

performance, in contrast to the stagnation observed in the 

control group (Fig. 2d). Response rates in the stimulation 

groups ranged from 50% to 85% in both dominant and non-

dominant limbs (see Videos 1 and 2). To quantify recovery, the 

“first reach success rate” was analyzed at post-stimulation days 

7 and 14 (PS7 and PS14) (Fig. S3b) and showed a significant 

increase in reaching success for all stimulated groups, with 

greater gains observed in the higher intensity conditions (5 mT 

and 10 mT). Moreover, when normalized to pre-lesion 

performance, the overall success of behavioral recovery was 

substantially greater in all UHF-LiMS groups compared to the 

control (Fig. 2e). Notably, the 10 mT group exhibited the best 

recovery thus establishing a dose-dependent relationship 

between stimulation intensity and motor improvement. (see 

Videos 3 and 4). 

 

 
Fig. 3. (a) Longitudinal FDG-µPET imaging showing 3D 

reconstructions and coronal slices across experimental groups 

(Control, 3mT, 5mT, 10mT) at post-stimulation day 1 (PS-1), day 7 

(PS7), and day 14 (PS14). Time-dependent changes in cortical 

diaschisis were evaluated by image analysis (3dLME in AFNI, 

p=0.001, q < 0.05 FDR corrected). The color scale bar represents z-

scores, with positive values (orange–red) indicating increased glucose 

metabolism relative to baseline, and negative values (blue) indicating 

decreased metabolism.  I, ipsilesional; C, contralesional. (b) 

Quantification of diaschisis volume across time points. UHF-LiMS 

reduced diaschisis volume in a field strength- and time-dependent 

manner (Two-way ANOVA, F (6,84) = 21.93, p < 0.0001). (c) Cortical 

diaschisis volume was inversely associated with SPRT score among 

stimulated groups (3 mT, 5 mT 10 mT) at PS7 ((F (1,14) = 4.219), (F 

(1,14) = 25.43), (F (1,14) = 20.58)), and at PS14 ((F (1,14) = 6.132), (F (1,14) 

= 31.12), (F (1,14) = 49.50)) respectively. 

 

C. UHF-LiMS induces metabolic changes after stroke 

Following ischemic stroke, widespread alterations in neural 

activity are frequently observed in regions distant from the 

infarct core, a phenomenon known as diaschisis (see section 

“Induction of Photothrombotic Capsular Infarction”). 

Diaschisis is characterized by decreased metabolic activity in 

functionally connected areas and is, considered a biomarker of 

disrupted inter-regional communication and a target for 

rehabilitation therapies [38, 42]. In previous studies, both 

electrical stimulation and intensive rehabilitative training were 

shown to significantly reduce diaschisis volume and leading to 

enhanced motor recovery [43, 44]. We have demonstrated 

previously that diaschisis in this model is mediated in part by 

reactive astrocytes, which produce tonic GABAergic inhibition 

in cortical areas remote from the infarct, thus suppressing 

neuronal excitability [45]. To assess the effect of UHF-LiMS 

on diaschisis we conducted longitudinal [18F]-FDG-microPET 

imaging, with four scans per animal (Fig. 3a). A baseline scan 

was performed pre-lesion, along with scans on day 14 post-

infarct (PS-1) prior to stimulation onset and two follow-up 

scans on day 7 and 14 after the initiating stimulation (PS7 and 

PS14). Full imaging details are provided in the section under 

“Longitudinal Micro-Positron Emission Tomography Imaging 
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Protocol and Evaluation”. Significant reductions in the cortical 

diaschisis volume were observed in all stimulated groups at PS7 

and PS14 (Fig. 3b), but not in the control group. Importantly, 

the reduction in diaschisis volume was strongly correlated with 

improved motor performance, as measured by SPRT scores at 

both stimulation time points (Fig. 3c). In contrast control 

animals failed to exhibit either a reduced diaschisis or 

behavioral gains. Normalized mean activity (NMA) in the 

cortical diaschisis region was also analyzed. While NMA 

declined in the control animals compared to baseline (Fig. S3c), 

stimulated groups demonstrated a gradual and robust increase 

in cortical NMA over the stimulation timepoint and is, evident 

at PS7 and PS14. This trend was consistent across all magnetic 

field strengths studied (3 mT,5 mT and 10 mT). A positive 

correlation between SPRT and cortical NMA was confirmed for 

all stimulation groups at both timepoints (Fig. S2d), 

underscoring the tight link between metabolic restoration and 

behavioral recovery. Collectively, these results indicate that 

UHF-LiMS effectively mitigated, diaschisis, likely through the 

restoration of cortical excitability and inter-regional 

connectivity. In conclusion, the modulation of metabolic 

activity in neural cells by UHF-LiMS plays a crucial role in 

functional recovery post-stroke, supporting its potential as a 

non-invasive therapeutic strategy to enhance regional glucose 

metabolism (rGM) and motor outcomes [46]. 

 

 

D. Spatial distribution of brain activation with UHF-LiMS 

To further characterize the neural effects of stimulation, we 

analyzed [18F]-FDG microPET images to assess changes in 

brain metabolic activity following UHF-LiMS across all 

treatment groups (Fig. 4). The goal was to provide a spatially 

resolved overview of brain activation and to determine how the 

stimulation modulates neuronal activity over time (Fig. 4a), 

displays representative coronal sections from the animals in 

each experimental group at post-stimulation days 7 and 14 (PS7 

and PS14). Across all UHF-LiMS groups, FDG uptake was 

increased bilaterally in both motor and sensory cortices 

compared to the control group, indicating enhanced cortical 

metabolic activity. In particular, animals in the 5 mT and 10 mT 

groups showed FDG accumulation in both the cortical and 

subcortical regions, (including thalamus and hippocampus), an 

effect that was less prominent in the 3 mT group. These finding 

suggest that higher magnetic field intensities broaden the 

activation footprint, potentially by engaging deeper neural 

structures [44, 47]. We quantified (Fig. 4b-e) the volumes of 

activated clusters at PS7 and PS14 and respective ROI 

correlation, demonstrating a clear dose-dependent relationship 

between stimulation intensity and the extent of activation. This 

includes a larger number of activated positive voxels and a 

higher spatial spread in the higher intensity groups (particularly 

at 10 mT).  

 
Fig. 4. (a) 3D-rendered FDG-microPET images with color-coded map 

depicting the cortico-cortico and cortico-subcortico activation as a 

result of UHF-LiMS. Time-dependent metabolic changes in brain 

activation were evaluated by image analysis (3dLME in AFNI, p = 

0.001, FDR q < 0.05) by comparing pre- and post-stimulation images. 

I, ipsilesional; C, contralesional. (b) Group-wise average volume of 

activated clusters (mm3) across time points of control group and 

Pearson’s correlation between different brain regions and behavior 

score, I. Motor ((F (1,14) = 2.012), C. Motor (F (1,14) = 6.044), I. Sensory 

(F (1,14) = 0.5597), C. Sensory (F (1,14) = 1.82)). (c) Group-wise average 

volume of activated clusters at PS7 and PS14 of 3mT and 

corresponding correlation with behavior score, I. Motor ((F (1,14) = 

5.71), C. Motor (F (1,14) = 6.62), I. Sensory (F (1,14) = 3.029), C. Sensory 

(F (1,14) = 3.52)). (d) Average activated volume of 5mT group brain 

regions and Pearson's correlation with respect to SPRT score, I. Motor 

((F (1,14) = 7.41), C. Motor (F (1,14) = 3.152), I. Sensory (F (1,14) = 3.275), 

C. Sensory (F (1,14) = 3.194)). (e) Average volume of activated cluster 

in 10mT group corresponding correlation with behavior score, I. Motor 

((F (1,14) = 8.596), C. Motor (F (1,14) = 16.85), I. Sensory (F (1,14) = 38.10), 

C. Sensory (F (1,14) = 7.413)) respectively.  

To establish a relationship between these metabolic changes 

and functional recovery, we performed region-of-interest (ROI) 

analyses to find the correlation between changes in glucose 

metabolism and behavioral performance. Positive voxel counts 

within defined cortical ROIs were used to compute the 

correlations with SPRT scores. Stimulated groups showed a 

strong and significantly positive correlation between metabolic 

enhancement and reaching success at both PS7 and PS14 across 

both hemispheres. In contrast, no significant correlation was 

observed in the control group, confirming that the observed 

functional improvements were specifically associated with 

stimulation-induced metabolic shifts. Finally, a clear dose-

response trend was evident as higher UHF-LiMS intensities 

corresponded to larger volumes and stronger correlations with 

behavioral gains (Fig. 4e). This reinforces our interpretation 

that UHF-LiMS promotes neural plasticity in a dose-dependent 

manner, enhancing both functional integration and coordination 

across brain regions. Collectively, these findings suggest that 
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UHF-LiMS promotes network-level reorganization which 

underlies its therapeutic benefit in stroke rehabilitation [48]. 

E. UHF-LiMS instigates pervasive c-Fos expression 

To assess the impact of UHF-LiMS on neuronal activation at 

the cellular level, we quantified c-Fos protein expression, a 

widely accepted marker of neuronal depolarization and activity-

dependent genes [49] (Fig. 5). The procedures of this analysis 

are detailed under “Immunohistochemical analysis” of the 

Materials and Methods section. Minimal c-Fos expression was 

observed in the control group reflecting limited neuronal 

activation in the absence of stimulation. In contrast, all 

stimulated groups (3 mT, 5 mT and 10 mT) exhibited robust 

and widespread in c-Fos expression, within the ipsilesional and 

contralesional sensory cortex (Fig. 5a).  This upregulation in c-

Fos expression confirms that magnetic stimulation elicited 

strong neuronal activity across bilateral brain regions. The 

magnitude and distribution of c-Fos expression differed 

significantly between the control and stimulation groups, as 

visualized in the density heatmaps (Fig. 5b). The expression 

was widely distributed across cortical regions, including the 

motor cortex, sensory cortex, cingulate gyrus and striatum, 

suggesting global bilateral neuromodulatory effects of UHF-

LiMS (Fig. 5c).  

 

 
Fig. 5. (a) Representative c-Fos immunostaining in coronal sections 

from control and stimulated (3, 5, 10 mT) groups showing increased 

expression in the sensory cortex of both hemispheres. (b) Heatmap 

visualization of c-Fos–positive cell density across the brain. Maps are 

overlaid on standard rat atlas levels (Bregma +1.60 mm, −2.12 mm, 

−4.30 mm). (c) Quantification of c-Fos–positive cell density across 

bilateral cingulate gyrus, motor cortex, sensory cortex, and striatum. 

UHF-LiMS groups exhibited significant upregulation compared to 

control (Two-way ANOVA, F (21,216) = 11.44, p < 0.0001; Bonferroni 

post hoc: *p < 0.03, **p < 0.007, ***p < 0.0001). Each dot represents 

a single animal. 

This widespread c-Fos activation pattern is reminiscent of 

responses previously observed with prolonged electrical 

stimulation where both hemispheres showed increased neuronal 

activity [43]. These findings demonstrate that UHF-LiMS can 

achieve a comparable effect to electrical stimulation therefore 

reinforcing its utility for non-invasive neruomodulation. In 

addition to increased neuronal activity, UHF-LiMS also 

exhibited neuroprotective effects, as indicated by a reduction in 

apoptotic cells in both the ipsilesional (Fig. S3a) and 

contralesional sensory cortex (Fig. S3b) [50, 51]. TUNEL 

staining demonstrated that all three stimulation intensities 

significantly reduced cell death, indicating that UHF-LiMS 

attenuates neurotoxic processes and promotes cellular viability. 

Taken together, these data suggest that UHF-LiMS promotes 

stimulation-induced activity across broad brain territories, with 

the expression of immediate early genes like c-Fos serving as a 

biomarker for activity-dependent plasticity. Furthermore, the 

bilateral enhancement of c-Fos expression and reduction in 

apoptosis underscore the therapeutic potential of UHF-LiMS 

for facilitating functional and structural recovery after stroke. 

IV. DISCUSSION 

Traditionally, rTMS and TMS relied on brief, high-intensity 

pulsed waveforms to induce rapid neuronal depolarization [52]. 

However, this approach has several limitations, including 

discomfort, pain, and the risk of overstimulation, which arises 

from the abrupt modulation of neuronal circuits [53]. These 

concerns are particularly crucial when considering treatment 

options in vulnerable or neurologically impaired populations 

[19]. To overcome these limitations, alternative treatment 

paradigms such as low-intensity TMS using sinusoidal 

waveforms have gained popularity. These waveforms can 

provide gentler and, more sustained neuronal modulation, 

thereby enhancing tolerability and therapeutic benefits [54]. 

Evidence from alternating current stimulation (tACS), supports 

the notion, that sinusoidal fields can entrain neural oscillations 

and modulate large-scale networks [55]. Although sinusoidal 

magnetic stimulation is less-well explored in the context of 

TMS, it holds strong, theoretical promise for safe and rhythmic 

modulation of brain activity. Here, we introduce a novel 

approach called, ultra high frequency low-intensity magnetic 

stimulation (UHF-LiMS), which involves the application of 

400 kHz sinusoidal fields of between 3 to 10mT in a rat model 

of chronic internal capsule stroke. The stimulation frequency of 

400 kHz was selected based on the system’s optimal operating 

field range, reflecting a trade-off between achievable magnetic 

field amplitude, physiological safety limits, and hardware 

stability. As reported [39], frequencies in the range of 350–400 

kHz allow effective low-intensity field delivery (~0.012–0.015 

T) while remaining below recommended physiological and 

thermal constraints.  

This strategy led to remarkable functional recovery, a result 

that is often difficult to achieve in subcortical stroke models 

[56]. Compared to conventional pulsed TMS, which primarily 

uses monophasic or biphasic waveforms, UHF-LiMS provided 

consistent therapeutic effects over time and achieved superior 

behavioral outcomes, most notably in forelimb motor function 

and diaschisis [57]. Importantly, the induced electric fields 

generated by UHF-LiMS (~0.1 V/m) are well below thresholds 

required for direct neuronal depolarization or spike initiation, 

and thus the observed effects are unlikely to arise from direct 

electrical excitation. Instead, UHF-LiMS is best interpreted 

within a framework of subthreshold neuromodulation, in which 

weak fields bias ongoing cellular and network dynamics rather 

than driving spiking activity directly. Sensitivity to weak 
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magnetic fields has been documented even in non-neural 

systems such as bacteria [58], which lack excitable membranes, 

where low-intensity fields influence cellular behaviour via 

modulation of spin-dependent biochemical reactions, including 

radical pair mechanisms [59]. Within neural circuits, analogous 

weak-field interactions may subtly modulate synaptic 

integration and membrane potential fluctuations in neurons 

operating near threshold. When delivered repeatedly and during 

active task engagement, such subthreshold perturbations can be 

amplified at the network level through recurrent connectivity 

and activity-dependent plasticity, providing a mechanistic basis 

for the sustained behavioural and metabolic effects observed 

here. 

 

We propose that UHF-LiMS could serve as a viable 

alternative to high-intensity TMS and other neuromodulation 

techniques when used in post-stroke rehabilitation. A 

distinctive strength of this approach lies in the experimental 

design. Animals were fully conscious and actively engaged in 

the single pellet-reaching task during the stimulation, avoiding 

the confounding effects of anesthesia and offering real-time 

behavioral assessment of neuromodulation efficacy. Behavioral 

data confirmed that UHF-LiMS did not induce any adverse 

effects as there were no significant behavioral differences 

between control animals with or without stimulation. Given the 

severity of capsular infarcts, animals were already in a 

vulnerable state and applying high magnetic field strength 

might have exacerbated any prior damage. Our decision to use 

low-intensity fields was grounded in safety considerations to 

minimize tissue damage and discomfort. Although a direct 

comparison with conventional rTMS would be informative, 

such an analysis was beyond the scope of the present study. 

Importantly, UHF-LiMS differs fundamentally from high-

intensity rTMS in stimulation intensity and compatibility with 

task engagement. While higher-intensity rTMS can modulate 

motor learning, it often induces involuntary muscle 

contractions and mechanical artifacts that would interfere with 

skilled motor tasks in awake animals [18,19]. In contrast, UHF-

LiMS enables low-intensity, task-engaged stimulation during 

fine motor behavior, making it well suited for the rehabilitation 

paradigm examined here [60]. 

The chronic stroke model we employed induces motor 

deficits that persist for more than 3 months, closely mimicking 

long-term human stroke disability. This made it an ideal 

platform to explore the potential for non-invasive 

neuromodulatory therapies like UHF-LiMS. Functional brain 

imaging via microPET revealed that UHF-LiMS reversed 

cortical diaschisis and restored metabolic activity in remote but 

interconnected cortical areas. As demonstrated in previous 

studies, diaschisis reflects disrupted network function, often 

driven by tonic GABA release from reactive astrocytes that 

inhibit neurons [45]. Our imaging data confirmed that 

stimulation normalized these metabolic deficits and was 

correlated with behavioral improvement. Notably, the spatial 

distribution of metabolic activation differed across stimulation 

amplitudes, with 3 mT producing weaker effects, 5 mT 

predominantly enhancing cortical activity, and higher-intensity 

stimulation also engaging subcortical regions. Despite these 

spatial differences, functional recovery was comparable at ≥5 

mT, supporting a threshold-dependent rather than linear 

amplitude-efficacy relationship. At the cellular level, UHF-

LiMS robustly increased c-Fos expression, a key marker of 

neural activation and plasticity [61] in both hemispheres, 

indicating widespread cortical and subcortical engagement. 

This aligns with the bilateral activation patterns observed in our 

FDG-microPET data, further validating the global network-

level effect of the intervention. Additionally, TUNEL assays 

revealed a significant reduction in apoptosis, suggesting that 

UHF-LiMS confers neuroprotective benefits in addition to its 

plasticity-promoting effects [50, 51]. To our knowledge, ours is 

the first study to demonstrate that ultra-high frequency, low-

intensity sinusoidal magnetic stimulation can modulate brain 

metabolism and behavior in a chronic stroke model. Looking 

ahead, we propose a translational framework for UHF-LiMS 

applications in humans. One concept involves a “magnetic 

room” in which field strength varies spatially, emulating the 

gradient generated by a dynamic coil. From a practical 

perspective, localized coil-based systems offer advantages in 

terms of portability, cost, and ease of implementation. In 

contrast, room-scale or large-area coil configurations may 

provide improved freedom of movement during task-specific 

rehabilitation, eliminate direct head contact, and enable more 

uniform field exposure during prolonged stimulation sessions. 

However, such room-scale approaches also introduce 

challenges related to infrastructure requirements, installation 

complexity, and cost, which must be carefully weighed against 

their potential benefits. Nonetheless, the translational gap 

between rodent and human studies remains a major hurdle. 

Anatomical and physiological differences such as brain 

volume, gyrification, and circuit organization may limit direct 

extrapolation. Therefore, replication in non-human primates 

will be essential to validate our findings and to assess the safety, 

tolerability, and dose parameters in a species closer to humans. 

In conclusion, UHF-LiMS offers a promising non-invasive, 

well-tolerated, and scalable strategy for post-stroke 

rehabilitation. Future studies will aim to optimize stimulation 

protocols, further characterize mechanistic pathways, and 

explore clinical translation in larger animal models. 

V.  CONCLUSION 

In summary, this study introduces Ultra High Frequency 

Low-Intensity Magnetic Stimulation (UHF-LiMS) as a novel 

non-invasive brain stimulation approach demonstrating 

significant functional recovery from motor deficits and reduced 

diaschisis in a rat stroke model. To our knowledge this study 

provides the first evidance that UHF-LiMS, utilizing a unique 

combination of frequency and intensity, can modulate 

metabolic activity across multiple brain regions and enhance 

neural plasticity. Our findings support the potential of UHF-

LiMS therapy as a promising and tolerable approach for post-

stroke rehabilitation, opening new therapeutic options that 

could be competitive with traditional TMS. The sustained 

functional improvements observed in conscious animals 

warrant further investigation into its safety and efficacy for 

translation to human clinical applications. 
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