

[image: image1]
The impact of high-frequency rTMS treatment on brain activity in PSCI patients: a TMS-EEG study
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Objectives: This study employed Transcranial Magnetic Stimulation combined with Electroencephalography (TMS-EEG) to examine the impacts of high-frequency repetitive transcranial magnetic stimulation (rTMS) on brain activity and cognitive function in patients with post-stroke cognitive impairment (PSCI), focusing on changes in connectivity of the left dorsolateral prefrontal cortex (DLPFC) across different frequency bands.

Methods: Twenty subacute PSCI patients were recruited for a 20-day rTMS treatment, consisting of 10 days of sham stimulation followed by 10 days of actual stimulation. Clinical function scale data and TMS-EEG data were collected before treatment (Pre), after sham stimulation (Sham), and after rTMS treatment (TMS) to analyze transcranial magnetic stimulation evoked potentials (TEP), time-frequency, and functional connectivity. Additionally, a post hoc subgroup analysis was conducted to assess the impact of education level, time since onset, and lesion size on cognitive score improvement.

Results: Compared to the Pre and Sham conditions, cognitive function and daily living ability scores significantly improved post-rTMS. Although the TEP patterns in the Pre and Sham conditions were similar, rTMS enhanced the early TEP amplitude in the left DLPFC, slowed gamma oscillations, increased connectivity in the theta and alpha bands in the bilateral DLPFC, and altered the connectivity patterns between the left DLPFC and other brain regions. Changes in theta-band wPLI were significantly positively correlated with improvements in MMSE scores (r = 0.465, p = 0.039) and MoCA scores (r = 0.493, p = 0.027). Patients with higher education levels exhibited significant cognitive improvement (p = 0.039), while patients with a time since onset of 60–180 days showed a significant decline in cognitive improvement (p = 0.024).

Conclusion: High-frequency rTMS effectively modulated connectivity patterns between the left DLPFC and other brain regions in PSCI patients, enhancing cognitive functions. Changes in wPLI within the theta frequency band may serve as a potential biomarker for cognitive function improvement in PSCI patients. Education level and time since onset may have a certain impact on cognitive improvement in PSCI patients.
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1 Introduction

Post-stroke cognitive impairment (PSCI) is primarily characterized by varying degrees of impairment in one or more cognitive domains, including memory, attention, executive function, visuospatial abilities, orientation, and language skills, and may be accompanied by psychological and behavioral symptoms (1). The incidence of post-stroke cognitive impairment is relatively high, with approximately 83% of patients demonstrating cognitive decline in at least one cognitive domain after a stroke (2). This significantly hinders their functional recovery and severely impacts their quality of life and longevity (3). Consequently, cognitive impairment has become a major burden for stroke patients and has garnered significant attention in stroke research and clinical intervention.

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive cortical stimulation technique designed to regulate the activity of specific brain regions through repeated stimulations and frequency adjustments. Depending on the stimulation parameters, rTMS can either inhibit or excite the targeted brain areas, promoting neural plasticity and the reorganization of brain function, thereby improving cognitive function (4). The left dorsolateral prefrontal cortex (DLPFC) is involved in various higher cognitive functions and is closely related to cognitive impairment in patients with PSCI (5). The long-term potentiation (LTP) effects produced by high-frequency rTMS stimulation of the left DLPFC depend on glutamatergic neurotransmission and are modulated by cholinergic, dopaminergic, and GABAergic systems (6).

Simultaneous recording of transcranial magnetic stimulation and electroencephalography (TMS-EEG) is an innovative method that can capture the summation of post-synaptic excitatory and inhibitory potentials in response to TMS pulses, known as TMS-evoked potentials (TEPs) (7). TMS-EEG demonstrates high reproducibility, allowing repeated evaluations after 1 week, and is highly sensitive to changes in stimulation intensity, location, and angle (8). This technique can be used to assess changes in cortical excitability and connectivity after stroke, and TMS-EEG can monitor dynamic changes in brain function following a stroke, providing potential biomarkers for predicting cognitive recovery (9). TEPs have been applied to studies of various cognitive states and connectivity characteristics. The most commonly observed peaks in TEPs of the left DLPFC include P30, N45, P60, N100, P180, and N280. Early peaks primarily reflect specific activity of the left DLPFC, while later peaks show lower dependence on it (10, 11). TMS pulses can trigger signal propagation between cortical regions. Compared with resting-state EEG connectivity, TMS-evoked functional connectivity has a higher signal-to-noise ratio and helps to reveal the causal relationships between different cortical regions (12, 13).

Although previous studies have shown that high-frequency rTMS stimulation of the left DLPFC can improve cognitive function in PSCI patients (14–16), and have explored the TEP changes in the left DLPFC of healthy individuals (17), the specific mechanisms by which rTMS improves cognitive function in PSCI patients through TMS-EEG remain unclear. To further elucidate these mechanisms, this study conducted an in-depth analysis of TEP and functional connectivity in PSCI patients.



2 Materials and methods


2.1 Participants

A case-control study was conducted from November 2023 to December 2024 at the Second Hospital of Jiaxing City, Zhejiang Province. The study included 20 patients with post-stroke cognitive impairment who received management of underlying conditions (such as hypertension, diabetes, etc.) and conventional rehabilitation therapies (including comprehensive training for hemiplegic limbs, occupational therapy, etc.). Further details are provided in Table 1.



TABLE 1 Clinical characteristics of stroke patients.
[image: Table1]

Eligible participants were screened using the Montreal Cognitive Assessment (MoCA) and their cognitive function was assessed with the Mini-Mental State Examination (MMSE) scale (18, 19). The modified Barthel index (MBI) was used to evaluate the patients’ activities of daily living. In this study, we have obtained permission to use the MMSE and MoCA scales. All participants refrained from psychotropic drugs, caffeine, and alcohol, and were right-handed. They met the exclusion criteria established by international TMS safety standards. The study was approved by the Ethics Committee of the Second Hospital of Jiaxing University (No. jxey-202403301) and conducted in accordance with the ethical principles outlined in the Declaration of Helsinki. It was registered with the Chinese Clinical Trial Registry (Registration No. ChiCTR2400090135), all participants signed a written informed consent form and voluntarily participated in the transcranial magnetic stimulation treatment. The inclusion criteria for stroke patients were: (1) age between 30 and 75 years, (2) MoCA score <26 (20), (3) the stroke criteria are consistent with the latest diagnostic standards (21), (4) time since onset between 2 weeks and 6 months, (5) good language comprehension and expression abilities, able to actively cooperate with treatment. Exclusion criteria included: (1) other neuropsychiatric disorders, such as Alzheimer’s disease, Parkinson’s disease, or a history of substance abuse, (2) cognitive impairment due to other causes, (3) epilepsy or history of intracranial surgery that presents contraindications for rTMS, (4) inability to cooperate due to cognitive or language impairments, (5) presence of severe somatic diseases or intracranial diseases.



2.2 TMS-EEG recording

Before the treatment, motor evoked potentials (MEPs) were measured in the left primary motor cortex (M1) region of the subjects. The stimulation intensity was set to the resting motor threshold of the first dorsal interosseous muscle, with a maximum stimulator output of 100% (22). This required that at least 5 out of 10 consecutive stimulations elicited MEPs with an amplitude of at least 50 μV (23). It is known that in some stroke patients, MEPs cannot be elicited even at maximum stimulator output (24). If no MEPs can be detected in the damaged left hemisphere, the threshold of the right hemisphere should be used to guide the treatment intensity (25).

TMS-EEG was recorded using a 64-channel TMS-compatible EEG system (NeuroHub wearable multimodal research platform, Neuracle, China). Electrodes were placed according to the international 10–20 system using Ag/AgCl 64 electrodes. Single-pulse transcranial magnetic stimulation (TMS) was applied to the left dorsolateral prefrontal cortex after determining the coil position with the EEG cap. The coil should be placed tangentially to the scalp at the position of the AF3 electrode on the electrode cap, with the handle pointing backward at an angle of approximately 45° to the midline. Single-pulse transcranial magnetic stimulation (TMS) at a frequency of 1 Hz was applied at the AF3 electrode using 100% resting motor threshold, with each stimulation lasting for 1 s, an interval of 4 s between stimulations, and a total duration of 9 min, consisting of 108 pulses. EEG was recorded from the 64 electrodes (with REF as the online reference and GND as the ground electrode) using an average reference, sampling from 0.1 to 1,000 Hz while keeping the impedance between the scalp and electrodes below 5 kΩ. To reduce eye movements, participants were instructed to fixate on a black cross on a white background approximately 2 meters away (26). Noise-canceling headphones were used to play white noise, preventing the subjects from hearing the sound of the coil stimulation (below 90 dB) (27).



2.3 Repetitive transcranial magnetic stimulation

rTMS (RT-50, Junjian Wanfeng, China) was administered at an intensity of 80% to the left DLPFC. The rTMS protocol consisted of delivering 10 sequences of 1-s stimuli at a frequency of 10 Hz, with 4-s intervals between sequences, totaling 240 sequences (2,400 pulses). A sham stimulation followed the same protocol; however, the coil was positioned at a 90-degree angle to the scalp to ensure that the magnetic field did not penetrate the scalp. The experimental protocol is illustrated in Figure 1.
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FIGURE 1
 In patients with PSCI, the resting motor threshold (RMT) was measured before treatment. They underwent three TMS-EEG sessions and scale assessments at the Pre, Sham, and TMS time points. The second column represents the rTMS stimulation sequences for both sham and real stimulation.




2.4 Data Preprocessing

All offline analyses were conducted in Matlab 2017b (MathWorks, United States) using open-source toolboxes such as EEGLAB, TMS-EEG Signal Analyzer (TESA), Fieldtrip, BrainNet viewer and Brainstorm (28, 29). Raw EEG data were epoched around TMS pulses (−1,000 to 1,000 ms), and bad channels were interpolated from adjacent channels. Fast Independent Component Analysis (FastICA) was used to remove remaining artifacts, and independent components (ICs) related to scalp muscle artifacts, ocular artifacts, and ECG artifacts were visually identified and rejected by EEG experts. The data were then re-referenced, and averages of repeated TMS stimulations were taken. The TMS-induced artifacts within a 22 ms time window (−2 to 20 ms) were replaced using the TESA toolbox with the surrounding 11 ms time windows (−13 to −2 ms and 20 to 31 ms) (30). The Cz channel, being least affected by TMS artifacts, underwent filtering using the Source-Utilized Noise Discarding (SOUND) algorithm, which removes signal components unlikely to originate from intracranial postsynaptic currents, such as electrode polarization, line noise, and electrode movement artifacts (31, 32). The data were further processed using the Signal Space Projection—Source Informed Reconstruction (SSP-SIR) algorithm to automatically eliminate residual artifacts like muscle artifacts, and a 2nd-order IIR filter was applied for 1–90 Hz band-pass filtering and 45–55 Hz notch filtering (33). FastICA was applied again to the averaged data to remove blink artifacts and suppress random noise (34). Finally, the data were re-referenced to the average reference.



2.5 Data analysis

After the data preprocessing, we averaged the EEG signals from all participants and experimental trials to record the TMS-EEG responses of PSCI patients before the experiment, after receiving sham stimulation, and after TMS. Time-frequency analysis was conducted using Morlet wavelet transform (with three cycles, frequency range from 1 to 90 Hz with a step size of 1 Hz, baseline correction, and a time resolution of 1–3 ms), and the results were averaged across trials and participants. In the time domain, based on previous literature (27), we identified six common peaks of TEPs: P30 (25–35 ms), N45 (35–55 ms), P60 (50–70 ms), N100 (80–120 ms), P180 (150–200 ms), and N280 (250–300 ms). The differences in TEPs within the specified time windows were analyzed, and source localization analysis was performed using Brainstorm. For the early time window (−50 to 300 ms), we compared the representative bilateral DLPFC (AF3, AF4 electrodes) across different experimental conditions. The GMFP for early TEP calculations was computed,
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where t is time, V is the voltage of channel i, and K is the number of channels (35). The experiment employed the wPLI, a functional connectivity metric that is insensitive to volume conduction or relative power changes. We calculated wPLI for different experimental conditions (Pre, Sham, and TMS) in the frequency bands of interest: theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–60 Hz) for AF3 with other electrodes. Subsequent statistical analyses were conducted on the wPLI for pairs of electrodes of interest, use BrainNet Viewer to map the overall connectivity before and after rTMS treatment (26).



2.6 Statistical analysis

The statistical analysis was conducted using SPSS 21 (IBM, New York, United States) and the FieldTrip toolbox in MATLAB 2017b. The significance level (alpha threshold) was set at 0.05 (two-tailed). Paired t-tests were used for data that followed a normal distribution, while the Wilcoxon signed-rank test was applied for non-normally distributed data. A paired t-test was conducted using Brainstorm to compare the differences in TEPs between Pre and Sham, as well as between TMS and Sham across different time windows. Additionally, the differences in wPLI for the electrodes of interest under different conditions were analyzed. Finally, the average wPLI of the theta and alpha frequency bands, which showed significant statistical differences, was correlated with cognitive scores from the MMSE and MoCA.




3 Results


3.1 Demographic and clinical characteristics

Compared to pre-stimulation (Pre) and sham stimulation (Sham), transcranial magnetic stimulation (TMS) showed significant improvements in MMSE and MoCA scores (p < 0.001), and MBI scores also increased (p < 0.01), as shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Changes in cognitive function scores and daily living abilities of PSCI patients under Pre, Sham and TMS conditions. Changes in MMSE, MoCA, and MBI scores before and after stimulation. **p < 0.01 and ***p < 0.001.




3.2 TMS-EEG analysis results

After receiving a single TMS pulse stimulation, PSCI patients exhibited greater local amplitude and slower frequency at the AF3 electrode under TMS conditions compared to the Pre and Sham conditions. Additionally, different activation patterns were observed in the topographical maps around 30 ms, 45 ms, and 60 ms (Figure 3). Therefore, we conducted an in-depth analysis of the early signals at the AF3 and AF4 electrodes within the time window of −50 to 300 ms (Figure 4).

[image: Figure 3]

FIGURE 3
 Changes in TMS-EEG in PSCI under different conditions. (A) Pre condition, (B) Sham condition, and (C) TMS condition. Each part corresponds to the changes in transcranial magnetic stimulation evoked potentials (TEPs), time-frequency analysis, topographical maps, and standardized low-resolution electromagnetic tomography (sLORETA) under different time windows. In the TEPs butterfly plot, the red line represents the signal from the AF3 electrode, while the gray lines represent signals from other electrodes. The gray dashed line indicates the time point of TMS stimulation. The time-frequency analysis shows the response of the AF3 electrode within the early time window (−50 to 300 ms), where the red solid line represents the time point of TMS stimulation. It also shows the changes in topographical maps and sLORETA under different time windows, with a correction bar provided on the right for better visualization.


[image: Figure 4]

FIGURE 4
 The early time window potential changes in PSCI patients under different stimulation conditions. (A,B) Show the time windows with significant differences at the AF3 electrode under Sham vs. Pre conditions and TMS vs. Sham conditions, respectively. The black arrows indicate the six TEP peak values under the Sham condition. In the topographic maps, the “*” symbol indicates significant clusters identified in the cluster-based permutation tests, and the gray rectangles on the right correspond to the time windows with significant differences. The color bar represents the magnitude of potential changes. (C,D) Present the TEP deviation patterns and changes in global mean field power (GMFP) at the AF4 electrode in PSCI patients under different conditions.



3.2.1 Plasticity effects of rTMS on TEPs

The Sham and Pre conditions showed similar deflection patterns in the bilateral DLPFC (AF3 and AF4 electrodes), with the TEP exhibiting six corresponding deflection peaks. Compared to the Sham, TMS demonstrated greater amplitude in the early time window, and the changes in the frontal and parietal-occipital regions were significant in the corresponding topographic maps.




3.3 The differences in connectivity of different frequency bands in PSCI patients after rTMS

In this study, compared to the Sham group and Pre condition, PSCI patients showed significant changes in the wPLI values of AF3 with other electrodes in the theta and alpha frequency bands after TMS treatment. Further analysis of the electrodes of interest revealed that in the theta band, the connectivity between the left DLPFC and the right DLPFC and occipital region significantly increased (p < 0.001), while the connectivity with the central region significantly decreased (p < 0.001). Meanwhile, in the alpha band, the connectivity between the left DLPFC and the right DLPFC and central region significantly increased (p < 0.01), and the connectivity with the frontal region also significantly increased (p < 0.05), whereas the connectivity with the occipital region significantly decreased (p < 0.05). No significant differences were observed in other frequency bands and conditions. As shown in Table 2 and Figure 5B.



TABLE 2 The changes in connectivity between the AF3 electrode and other significant electrodes across different frequency bands under varying conditions.
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The correlation analysis between the changes in wPLI values at the AF3 electrode in the theta and alpha frequency bands and cognitive scores revealed a significant positive correlation between changes in the theta band wPLI and improvements in MMSE (r = 0.465, p = 0.039) and MoCA (r = 0.493, p = 0.027), as shown in Figure 5.

[image: Figure 5]

FIGURE 5
 (A) Changes in overall functional connectivity in PSCI patients before and after rTMS treatment (under Sham and TMS conditions). (B) Differences in the pairs of electrodes of interest (AF3-AF4, AF3-Fz, AF3-Cz, and AF3-Pz) were analyzed in the aforementioned frequency bands and under different conditions. (C) An analysis was conducted on the wPLI mean values that showed significant statistical differences in the theta and alpha frequency bands, exploring their correlation with cognitive scores (MMSE and MoCA). *p < 0.05, **p < 0.01, and ***p < 0.001.





4 Discussion

Consistent with previous studies (17), the TEP patterns in the left DLPFC of PSCI patients were similar to those of healthy controls under both Pre and Sham conditions. However, PSCI patients exhibited higher-frequency gamma oscillations in the TEP time-frequency analysis. In comparison, rTMS induces a larger amplitude and distinct conduction pattern in the frontal region during the early TEP phase in PSCI patients, accompanied by slower gamma oscillations. Specific TEP peak characteristics are considered to reflect changes in the corresponding neurotransmitter systems. Multiple studies have shown that early TEP peaks (25–35 ms) reflect the transmission of excitatory neuro-transmitters (10), while later TEP peaks (50–70 ms) represent the balance regulation of glutamate and GABA neurotransmission (36, 37). Willis et al. (38) found that changes in glutamate and gamma-aminobutyric acid (GABA) concentrations in the temporal lobe of stroke patients are closely related to the severity of brain injury and the recovery process. A recent investigation showed that inhibitory cholinergic activity significantly enhanced the amplitude of local TEP components roughly 40 to 63 milliseconds after stimulation (39). In our study, we observed significant differences in the TEP peaks between 55–63 milli-seconds after sham stimulation in PSCI patients. Additionally, after rTMS treatment, significant differences were found between 20–28 milliseconds, 60–74 milliseconds, and 200–218 milliseconds, suggesting that these changes may be related to rTMS modulation of the corresponding neurotransmitter systems in PSCI patients. Although these findings provide electrophysiological evidence for the mechanism by which rTMS improves the cognitive function of PSCI, the specific neurotransmitter dynamics in the left DLPFC still need to be further verified through pharmacological interventions.

Xin et al. (40) found that, compared to healthy subjects, stroke patients exhibited impaired overall functional integration and reduced information transmission efficiency in their brain network connectivity. In our study, patients with PSCI exhibited a significant enhancement in the overall connectivity of brain networks following rTMS treatment. Further analysis revealed that these connectivity changes were primarily concentrated in the theta and alpha frequency bands. Although connectivity in other frequency bands also showed some degree of enhancement, no significant effects were observed. Ren et al. (41) demonstrated that the characteristics of functional connectivity in the theta band can effectively distinguish patients with mild cognitive impairment from healthy elderly individuals. Specifically, the phase-locking values (PLV) between the frontal and parieto-occipital lobes can identify cognitive impairment, providing potential biomarkers for future diagnostics. Ahmadlou et al. (42) found that the complexity of cognitive-related networks in patients with mild cognitive impairment (MCI) decreases in both alpha and theta and, with a more pronounced reduction observed in the left hemisphere in the theta band. Some studies have also found that the medial prefrontal cortex is closely related to theta activity in the implementation of cognitive control (43). Jiang et al. (44) found that MCI patients had stronger fronto-occipital and parieto-occipital functional connectivity in both the theta and alpha frequency bands. In our study, rTMS significantly altered the wPLI in the alpha and theta frequency bands in PSCI patients, enhancing the connectivity between the bilateral DLPFC. However, the changes in connectivity in the frontal regions were less pronounced compared to the bilateral DLPFC. This may be related to the early TEP conduction pattern of rTMS in PSCI patients, which is characterized by larger amplitudes in the early bilateral prefrontal regions, gradually spreading to the occipitoparietal regions, and altering the connectivity between the left DLPFC and different brain regions through neuroplasticity, thereby improving cognitive function in PSCI patients. Furthermore, we found that the wPLI in the theta frequency bands positively correlated with cognitive scores, and the changes in wPLI in the theta frequency band may serve as a potential marker for cognitive improvement in PSCI patients.

We conducted stratified subgroup analyses for key confounding variables (education level, lesion volume, and time since stroke onset) and implemented a 3-month follow-up, which revealed sustained cognitive improvement. However, the long-term effects of TMS-EEG remain unknown. Education level is one of the critical factors influencing post-stroke cognitive impairment. Numerous studies have demonstrated that patients with higher education levels tend to possess stronger cognitive reserve, thereby experiencing faster recovery of cognitive function after stroke (45). The time since stroke onset also significantly influences the occurrence of post-stroke cognitive impairment. Early intervention after stroke can markedly improve patients’ cognitive function and delay cognitive decline (46). Lesion volume is one of the important imaging characteristics associated with post-stroke cognitive impairment, as larger lesions typically result in more extensive brain damage and more severe cognitive decline (47). This study found significant differences in the impact of education level and time since stroke onset on MMSE improvement. Patients with higher education levels may benefit more from treatment due to their stronger cognitive reserve, while patients with longer time since stroke onset may face greater challenges in cognitive recovery due to reduced neuroplasticity. Regarding the minimal clinically important difference (MCID), in Alzheimer’s disease research, the MCID for the MMSE typically ranges from 1.4 to 3.75 points, while the estimated MCID for the MoCA is 1.22 or 2.15 points. However, in the PSCI population, due to the lack of data from large-scale randomized controlled trials, the MCID for cognitive scale improvements remains undefined (Reference 48: Effectiveness and Safety of the Korean Medicine Senior Health Promotion Program Using Herbal Medicine and Acupuncture for Mild Cognitive Impairment: A Retrospective Study of 500 Patients in Seoul, Korea) Table 3. However, the small sample size in this study, particularly in some subgroups, may limit the stability of the results. Future research should expand the sample size and further explore the underlying mechanisms of how education level and time since stroke onset influence the efficacy of rTMS treatment.



TABLE 3 Post hoc subgroup analysis of cognitive improvement in PSCI patients.
[image: Table3]

The limitations of this study include a relatively small sample size and the lack of assessment of specific cognitive domains (such as executive function, memory, and attention), which may affect the generalizability of the results. Additionally, the study only used simultaneous TMS-EEG to evaluate the effects of rTMS on cognitive function in PSCI patients, without integrating fMRI and motor evoked potentials to further assess cortical excitability and inhibitory functions. Future research plans to expand the sample size and combine multiple assessment methods to provide a more comprehensive evaluation of the impact of PSCI on different cognitive domains. Furthermore, the temporal sensitivity of TMS-EEG changes requires further investigation. Future studies will include more time points and adopt multi-session intervention designs (e.g., continuous 4 weeks or longer) to better simulate clinical practice and assess long-term effects.



5 Conclusion

rTMS altered the early TEP conduction patterns and functional connectivity between the left DLPFC and other brain regions in the theta and alpha frequency bands in patients with PSCI. Changes in wPLI within the theta frequency band may serve as a potential biomarker for cognitive function improvement in PSCI patients.
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