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Background: The integrity of the motor system can be examined by applying navigated transcranial magnetic stimulation (nTMS) to the cortex. The corresponding motor-evoked potentials (MEPs) in the target muscles are mirroring the status of the human motor system, far beyond corticospinal integrity. Commonly used time domain features of MEPs (e.g., peak-to-peak amplitudes and onset latencies) exert a high inter-subject and intra-subject variability. Frequency domain analysis might help to resolve or quantify disease-related MEP changes, e.g., in brain tumor patients. The aim of the present study was to describe the time-frequency representation of MEPs in brain tumor patients, its relation to clinical and imaging findings, and the differences to healthy subject.

Methods: This prospective study compared 12 healthy subjects with 12 consecutive brain tumor patients (with and without a paresis) applying nTMS mapping. Resulting MEPs were evaluated in the time series domain (i.e., amplitudes and latencies). After transformation into the frequency domain using a Morlet wavelet approach, event-related spectral perturbation (ERSP), and inter-trial coherence (ITC) were calculated and compared to diffusion tensor imaging (DTI) results.

Results: There were no significant differences in the time series characteristics between groups. MEPs were projecting to a frequency band between 30 and 300 Hz with a local maximum around 100 Hz for both healthy subjects and patients. However, there was ERSP reduction for higher frequencies (>100 Hz) in patients in contrast to healthy subjects. This deceleration was mirrored in an increase of the inter-peak MEP latencies. Patients with a paresis showed an additional disturbance in ITC in these frequencies. There was no correlation between the CST integrity (as measured by DTI) and the MEP parameters.

Conclusion: Time-frequency analysis may provide additional information above and beyond classical MEP time domain features and the status of the corticospinal system in brain tumor patients. This first evaluation indicates that brain tumors might affect cortical physiology and the responsiveness of the cortex to TMS resulting in a temporal dispersion of the corticospinal transmission.
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INTRODUCTION

The human motor system consists of several cortical, subcortical, and spinal hubs. For unobstructed voluntary movements corticospinal integrity is required. Cerebral lesions (e.g., stroke, brain tumors) can affect corticospinal transmission and impair voluntary movements (1). In the past years, there is a tremendous progress in evaluating the human motor system of these patients with electrophysiological means such as transcranial magnetic stimulation (TMS). The magnetic cortical input through TMS is suggested to activate excitatory and inhibitory neurons, transmitting their information in volleys (i.e., D- and I-waves) to the spinal cord and resulting in a synchronized activation of muscle cells, which can be measured as motor-evoked potentials (MEPs) (2–4). Cortical excitability and stimulation intensity determine the size of descending volleys and, hence, the amplitude of the MEP. The conduction time of neural impulses traveling along the cortico-spinal projections to peripheral muscles is reflected in the latency of the MEP (2–4). Thus, motor-evoked potentials are mirroring the status of the complete human motor system. In line, it has been shown that MEP characteristics are influenced by the current muscular (5, 6), spinal (7), and cortical status (6, 8).

Evoked potentials (EPs) such as MEPs are short phasic events, which are commonly evaluated in the time series domain of a single trial or after averaging over several trials. Temporal dispersion of the descending volleys changes latencies, shape, and amplitudes of the EP and impedes its interpretation (3). In fact, time domain features of MEPs are sensitive to noise and exert a high inter-subject and intra-subject variability (9–12). While an increase of the MEP latency and a decrease of the MEP amplitude are indicative of a lesion to the corticospinal network (13–15), little attention is paid to the exact shape of the MEP. However, electromagnetic signals can also be described in the frequency domain. While time-domain studies evaluate the signal fluctuation over time, frequency-domain analyses transform the signal into a sum of oscillations (i.e., sine waves) and describe the contribution of different frequencies to the complete signal (i.e., power). Despite losing some temporal information, the frequency domain perspective has several potential advantages enabling a description of EP shapes and allowing the application of further neuroscientific concepts (e.g., phase behavior or inter-trial coherence, ITC), which might help to resolve or quantify the temporal dispersion of EPs. While being ubiquitous in neuroscience (6, 16–18), frequency domain analysis techniques are infrequently found in the clinical setting. However, there is an increasing interest in the frequency representation of EPs in animals (19–24) and humans (25, 26).

The aim of the present study is to describe the time-frequency representation of MEPs in brain tumor patients, its relation to clinical and imaging findings, and the differences to healthy subjects. To the best of our knowledge, this is the first study evaluating MEPs of brain tumor patients in the frequency domain.



METHODS


Patients

This prospective study covers 12 healthy subjects (30.2 ± 13.9 years, 10 female) and 12 consecutive patients (51.3 ± 20.3 years, nine female) with motor eloquent brain lesions who underwent an nTMS mapping in the Neurosurgical Department of the University of Tuebingen. Patients were classified into two categories by an experienced neurosurgeon based on their clinical motor status in the Medical Research Council Scale (MRCS): six patients had no motor signs (MRCS 0) and six patients showed an upper limb paresis (MRCS<5). Details of clinical and demographic characteristics of the patients are depicted in Table 1. The study was approved by the local ethics committee of the Eberhardt Karls University Tuebingen. All participants gave written informed consent.


Table 1. Patients' clinical, imaging, and electrophysiological characteristics.
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Magnetic Resonance Imaging (MRI)

All healthy subjects and patients received preoperative MR imaging using a 1.5 T MR imaging unit (Skyra/Prisma-fit/Aera, Siemens Healthineers, Erlangen, Germany) with an 8-channel head coil. Patients received T1-weighted (contrast-enhanced) echo sequences and, additionally, diffusion tensor imaging (DTI). DTI was performed with a single-shot spin echo at a b-value of 1,000 s/mm2 along 12–64 geometric directions. Following, the anatomical MRI data set was imported to our nTMS system (Nexstim Eximia, version 3.2.2, Helsinki, Finland) for further data acquisition and analysis.



Navigated Transcranial Magnetic Stimulation (nTMS)

The cortical mapping procedure was described previously and is applied here in the same way (27–30): We used a navigated TMS stimulator (eXimia®, Nexstim, Helsinki, Finland) and a biphasic figure-8 coil. Prior to the mapping, patients' anatomical T1-weighted magnetic resonance images were co-registered to the patient's head with a registration error of <2 mm. After determining the “hotspot” yielding the largest motor-evoked potential (MEP) from the contralateral abductor pollicis brevis muscle (APB), the resting motor threshold (RMT), defined as the minimum stimulus intensity to result in at least 5/10 trials a MEP > 50 μV, was obtained. The orientation of the induced current in the brain was posterior-anterior for the first phase and anterior-posterior for the second phase of the stimulus. The orientation of the electric field, calculated on the basis of the individual MRI of each subject by the eXimia software, was kept perpendicular to the central sulcus. Subsequently, the cortex was mapped with 110% RMT starting at the primary motor cortex and then extending around this spot to cover the primary motor cortex, somatosensory cortex, and premotor cortex (Figures 1A,B). Thus, an average of 209.2 ± 8.3 [96–394] stimuli were applied per patient and map. Stimulation sites were visualized on the surface at a depth of 25–30 mm. Coordinates of the stimulation sites were automatically saved by the eXimia software for later analysis (e.g., DTI-based tractographie, Figure 1C).


[image: Figure 1]
FIGURE 1. nTMS results. Exemplary data of a characteristic nTMS map in (A) a healthy subject and (B) a patient with a brain tumor. White dots represent nTMS coordinates eliciting a MEP. In contrast, gray dots indicate spots with no MEPs. nTMS results in patients were used as a seed for deterministic DTI fiber tracking (C). (D) Shows exemplary EMG data of a healthy subject separating trials without (MEP-) and with MEPs (MEP+). (E) Shows exemplary EMG data of a brain tumor patient separating trials without (MEP-) and with MEPs (MEP+).




Electromyographic Recordings (EMG)

During nTMS mapping, myoelectric signals of the contralesional abductor pollicis brevis (APB) and the first dorsal interosseous muscles (FDI) were recorded with the integrated EMG device of the eXimia system (3 kHz sampling rate, band-pass filter of 10–500 Hz) using Ag/AgCl wet gel surface electrodes (AmbuNeuroline 720, Ambu GmbH, Germany).



EMG Data Analysis

Data analysis was performed using custom-written scripts in MATLAB (Mathworks Ltd, USA, R2017a), applying functions of the open source toolboxes EEGlab (31) and Fieldtrip (32). EMG data was imported into Matlab and segmented into epochs from −100 to 100 ms relative to the TMS pulse. No further data processing was performed except of linear detrending of the epochs. Generally, the APB muscle was selected for further analysis. The nTMS trials were classified in MEP+ and MEP- trials depending on a MEP amplitude (≥20 μV) and latency (≥15 and ≤ 30 ms) threshold (Figures 1D,E). Trials with artifacts or EMG pre-stimulus activation were automatically removed from further analysis. In case of a bad signal-to-noise ratio or a number of artifacts higher than the average, the FDI muscle was chosen for further analysis. A Matlab-based custom-written script was used to automatically detect several time series characteristics of the MEP: Amp (i.e., peak-to-peak amplitude), Lat0 (i.e., MEP onset latency), Lat1 (i.e., latency of the maximum positive deflection of the MEP), Lat2 (latency of the minimum negative deflection of the MEP), and Lat3 (i.e., ending of the MEP). The time-frequency analysis of the MEP was performed on the basis of a Morlet wavelet approach with a fixed wavelet length of 40 ms (as implemented by the newtimef function of the EEGlab toolbox) (31). The wavelet length was chosen considering the average length of a MEP (i.e., Lat3-Lat0) and represents a balance between power and the phase precision of the analysis (see Discussion). This approach resulted in a spectral resolution of 1 Hz (30–500 Hz) and temporal resolution of 0.333 ms (−79.333 to 79.333 ms relative to the TMS pulse). Event-related spectral perturbation (ERSP) was calculated (in dB) and trial-wise normalized to the baseline spectrum (−79.3 to −10 ms relative to the TMS pulse) to reduce sensitivity to noisy trials (33). The ITC measures event-related phase coherence across trials. It is obtained from the phase information in the spectral decomposition while normalizing the magnitude information. Hence, the ITC is an amplitude-independent measure for phase-locking. The ITC values represent the circular variance of phases (34) and range from 0 to 1, with a value of 1 being indicative of perfect phase-locking.



MR Imaging Analysis

After nTMS mapping, the coordinates of MEP+ trials were exported as DICOM from the Nexstim software and imported into the BrainLab iPlan 3.0 software. A cortical ROI was constructed from the summation of MEP+ and enlarged by 2 mm (35, 36). The ROI was fused to the anatomical T1-weigthed MRI and DTI dataset. In addition to the cortical ROIs, a subcortical ROI was placed in the caudal pons based on the color-coded FA map (35–41). The corticospinal tract (CST) was detected using a fiber length of 110 mm and a FA value corresponding to 75% of the individual FA threshold impeding any fiber detection (35, 36, 42). Mean FA and ADC values of the resulting CST was noted as an imaging surrogate of its integrity. Additionally, BrainLab software was used to delineate the tumor extent and to determine its volume (in cm3).



Statistics

Statistical evaluation was performed using SPSS (IBM SPSS Statistics for Windows, Version 25.0, Armonk, NY: IBM Corp.) and custom-written Matlab scripts including the FieldTrip toolbox and Matlab statistics toolbox. Group effects on clinical (age, gender, diagnosis), imaging (FA and ADC values), as well as electrophysiological characteristics (RMT, no. of trials, MEP amplitudes and latencies, ERSP and ITC values) were evaluated by non-parametric Kruskal-Wallis, Wilcoxon, and X2-tests when applicable. Correlation analyses between electrophysiological and clinical parameters were based on Pearson's correlations coefficients. Group differences in the time-frequency representation of the MEPs (ERSP and ITC) were assessed by an unpaired t-test. Multiple comparison correction was based on a non-parametric permutation test (200 permutations) as implemented in the FieldTrip toolbox. The t-values that exceeded an a priori threshold of p < 0.05 were subsequently clustered in connected sets based on temporal (i.e., time windows) and spectral parameters. Cluster-level statistics were then calculated by taking the sum of the t-values within every cluster and the resultant maximum summed t-values were used to compute the statistical comparisons. The significance probability was calculated using a Monte-Carlo method (43). By randomizing the data, the reference distribution of the maximum of summed cluster t-values was acquired to evaluate the actual data significance statistic. Clusters from the original data were considered to be significant (alpha level 5%) if <5% of the reference distribution permutations returned a maximum cluster-level statistic larger than the cluster-level value detected in the original data. This cluster-based approach was used to compare the MEP response between the different groups for ERSP and ITC. Results are shown as mean ± standard deviation (SD).




RESULTS


Patients' Characteristics

The present study includes 12 healthy subjects (Group 1) and 12 patients with brain tumors who underwent nTMS brain mapping prior to brain surgery. Patients were classified into two categories based on their clinical motor status (Group 2: six patients no motor signs, MRCS 5; Group 3: six patients with an apparent upper limb paresis MRCS<5). There were no significant differences in gender distribution (p = 0.091; X2-test). Patients with an apparent paresis were significantly older than the other two groups (p = 0.006; Kruskal-Wallis); however, there were no significant age differences between the healthy subject group and the patient group without motor signs (p = 0.471; Wilcoxon). There were no significant differences in the distribution of tumor diagnosis or size between the patient groups (p = 0.588; X2-test and p = 0.873; Kruskal-Wallis). nTMS results of the patients (i.e., coordinates of positive responses) were used for corticospinal fiber tracking on the individual DTI scan. There were no significant differences in the mean FA and ADC values of the detected corticospinal tract (p = 0.749 and p = 0.522; Kruskal-Wallis). All results are summarized in Table 1.



nTMS Time Series Results

nTMS cortical mapping was performed in all healthy subjects and patients in a similar manner (exemplary data see Figure 1A). Patients with an apparent paresis (Group 3) had a significant higher resting motor threshold than healthy subjects (Group 1) and patients without motor signs (Group 2, p = 0.013; Kruskal-Wallis). There were no significant group differences in the number of applied TMS pulses (p = 0.712; Kruskal-Wallis). Notably, there was a higher variance of the MEP shape for patients than for healthy subjects (exemplary data see Figure 1B). There were no significant group differences of the mean MEP amplitudes (Table 1, Figure 2A) and the different latency measures (Table 1). Notably, we observed a deceleration of the MEP in the patient groups as documented by the differences between Lat0, Lat1, and Lat2 (Table 1, Figures 2, 3). There was no correlation between the time series characteristics (p > 0.05; Pearson's) and the age, tumor volume, ADC values, FA values, and RMT except of a significant positive correlation between the RMT and the latency Lat1-Lat2 (r = 423; p = 0.049).


[image: Figure 2]
FIGURE 2. MEP times series characteristics. Times series analysis covered MEP amplitudes (A) and latencies Lat0 (MEP onset), Lat1 (maximum positive deflection), Lat2 (minimum negative deflection), and Lat3 (MEP ending). Additionally, latency differences were calculated: (B) Lat0-Lat1, (C) Lat0-Lat2, (D) Lat0-Lat3, (E) Lat1-Lat2, and (F) Lat2-Lat3. There was a deceleration of MEP. Statistical significance is marked with an asterisk (p < 0.05; Wilcoxon).
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FIGURE 3. Time-frequency representation of a MEP. MEP time series (upper row) were transferred into the frequency domain using a Morlet wavelet approach. The transformation revealed a power increase (ERSP) ~20–50 ms after TMS application (red arrow) in a frequency band between 30 and 300 Hz with a local maximum around 100 Hz (middle row). At the same time, there was a high inter-trial-coherence covering the frequency and time range (lower row).




nTMS Time-Frequency Results

MEP data was transferred into the frequency domain using a Morlet wavelet approach. The transformation revealed a projection of the MEPs to a frequency band between 30 and 300 Hz with a local maximum around 100 Hz. At the same time, there was a high ITC covering the same frequencies. Notably, this pattern was similar for all groups (Figure 3). Cluster-based significance analysis showed a significant power reduction between 100 and 200 Hz in a time period of 20–30 ms for patients without any motor signs in comparison to healthy subjects. Notably, there was no reduction of ITC in that period. In contrast, these patients showed an increased ITC during the later course of the MEP (i.e., 30–40 ms after TMS). Patients with a paresis, however, showed both a power reduction and a reduced ITC in comparison to healthy subjects during the whole MEP duration (i.e., 20–40 ms). When comparing brain tumor patients with and without paresis, we noticed no further power reduction. But there was a further disturbance of the ITC (Figure 4).


[image: Figure 4]
FIGURE 4. Group differences of time-frequency MEP behavior. Group differences in ERSP (A) and ITC (B) between Group 1 and 2 (left column), Group1 and 3 (middle column), and Group 2 and 3 (right column) were evaluated by cluster-based permutation analysis. Significant time-frequency bins are outlined in red (p < 0.05, cluster corrected).


On the basis of these findings, we performed a secondary analysis of the mean ERSP and ITC averaging for the frequency band of 30–200 Hz and considering the time periods of 20–30 ms (ERSP1 and ITC1) and 30–40 ms (ERSP2 and ITC2), respectively. With this approach, ERSP findings were not significant anymore (Figures 5A,B; p > 0.05, Kruskal-Wallis). However, there was a significant group effect for the ITC1 and ITC2 (p = 0.006 and p = 0.002; Kruskal-Wallis). There was a significant ITC1 reduction for the patient group with paresis in comparison to the other groups (Figure 5C), while there was no difference between healthy subjects and patients without paresis. For ITC2, there was even an increase of the ITC in patients without paresis in comparison to healthy subjects (Figure 5D). There was no significant correlation of the ERSP and ITC values to age, tumor volume, ADC values, or FA values (p > 0.05; Pearson's).


[image: Figure 5]
FIGURE 5. ERSP and ITC group results. Mean ERSP and ITC values for the 30–200 Hz frequencies averaged for the time period of 20–30 ms after TMS application [ERSP1 and ITC1, (A,B)] and 30–40 ms [ERSP2 and ITC2, (C,D)]. Statistical significance is marked with an asterisk (p < 0.05; Wilcoxon).





DISCUSSION

The aim of the present study was to describe the time-frequency representation of MEPs in healthy subjects and brain tumor patients. MEPs triggered by TMS are projecting to a frequency band between 30 and 300 Hz with a local maximum around 100 Hz for both healthy subjects and patients. However, healthy subjects and patients differ in their power and ITC values, although there were no significant differences in the standard time series values of MEPs (i.e., peak-to-peak amplitudes and onset latencies). There was a significant power reduction for higher frequencies between 100 and 200 Hz in patients in contrast to healthy subjects, independent of their current motor status. This “deceleration” of the MEPs was reflected in an increase of the inter-peak latencies of the MEP time series. However, patients with an apparent paresis (MRCS<5) showed an additional disturbance in phase synchronization at these frequencies. In contrast, patients without motor signs did not experience a reduction in ITC during the MEP onset despite exerting a power reduction. Actually, there was an increased ITC during the later phase of the MEP. Since there was no correlation between the CST integrity (as measured by DTI) and the MEP representation in the frequency domain, we hypothesize that differences might have a cortical source, e.g., due to a disturbance of cortical physiology by the brain tumor.

An increase of MEP latency and a decrease of MEP amplitude are generally accepted to indicate a lesion to the corticospinal network (13–15). In brain tumor patients, however, MEP time domain characteristics (i.e., amplitudes and latencies) often do not differ between the lesioned and non-lesioned hemisphere and are similar to those of healthy subjects (11). Comparable to healthy subjects, MEP characteristics in brain tumor patients exert a high inter-subject and intra-subject variability, which has been related to different individual factors such as gender, body height, and antiepileptic drug intake (44). We observed no difference in MEP latencies between healthy subjects and patients. Even in patients with an apparent paresis, there was no significant increase in MEP latencies. Notably, only a significant “deceleration” of the MEP slope was detected for brain tumor patients.

For the time-frequency domain, the present study reveals a projection of MEPs to a frequency band between 30 and 200 Hz for both healthy subjects and patients. This is expected, when considering the MEP peaks (after 27 and 32 ms) as crest and trough of a sine wave with a half wavelength of 5 ms. This data is in good agreement with prior studies evaluating the time-frequency representation of MEPs in animals and humans (22, 26). In patients with brain tumors, high frequencies (>100 Hz) were reduced in comparison to healthy subjects. This represents the frequency equivalent of the MEP deceleration seen in the time series analysis. At the same time, we observed a reduction of inter-trial-coherence in brain tumor patients as a sign of temporal distortion of the MEPs. Notably, ITC changes were most prominent in patients with an apparent paresis. In patients without motor signs, the deceleration of MEPs (as seen in the time series characteristics and the time-frequency representation) resulted in an increase of ITC behind time.

TMS is mediating MEPs by direct (D waves) and transsynaptic activation (I waves) of pyramidal cells (3). As there was no correlation between the CST integrity (as measured by DTI parameter) and the MEP changes in these patients, we hypothesize that the observed differences in the time-frequency domain might have a cortical source, e.g., due to a disturbance of cortical physiology by the brain tumor. We hypothesize that brain tumors are usually diagnosed prior to the invasion of the CST. Thus, in contrast to spinal lesions or strokes, corticospinal transmission of D-waves might be unaffected resulting in regular MEP latencies. The activation of later I-waves produces a sequence of EPSPs that temporally summate and determine the MEP amplitudes albeit arriving at the motoneuron with a longer latency than the initial D-wave (45). Following this line of argumentation, the reduction of MEP amplitude and power in these patients could be attributed to a reduced transsynaptic recruitment of pyramidal cells in the I-wave generation. This could explain the increase of RMT, the MEP amplitude reduction, the decelerated rise of the MEP, and the temporal distortion of MEPs as seen in the ITC analysis. Temporal distortion can be attributed to the failure of TMS to recruit I-waves in brain tumor patients. In patients without motor signs, I-waves might be delayed but still recruitable by TMS. However, it remains unclear why TMS fail to recruit the pyramidal cells, e.g., compression effect of the tumor, oedema, or antiepileptic drug intake.


Methodological Considerations

To our knowledge, the present work is one of few studies evaluating the MEPs in the frequency domain (26). Although time-frequency methods are very common in the field of neuroscience (6, 16–18), they have not frequently been applied for the evaluation of MEPs. In addition to the need for advanced calculations, there are methodological aspects to be considered. Time-frequency analysis of fast alternating potentials (e.g., MEPs, ECG signals or ripples) are challenged by an apparent, sampling rate dependent, discontinuity of the signal in the time series. Transforming these signals into the frequency domain may cause ringing, a broad band power increase known as “leakage effect.” The amount of spectral leakage depends on the amplitude of the discontinuity. As the discontinuity becomes larger, spectral leakage increases. Thus, fast rising signals like MEPs are very prone to this problem (46).

Time-frequency analysis of digitized signals is traditionally performed using the short-time Fourier transform, which computes the power spectra on successive sliding windows. Long windows provide good frequency resolution and reduce the leakage phenomenon. However, they result in a poor temporal resolution and a “smearing” of the event-related spectral perturbation beyond the actual limits of the time series event. Shortening the window will results in a degradation of frequency resolution with a strong leakage effect (46, 47). Continuous-wavelet transformations such as the Morlet wavelet were introduced to overcome this limitation. The wavelet analysis provides a better temporal resolution by compression/dilation of a mother wavelet as a function of frequency (47). Detecting oscillation packets in time, wavelet techniques seem to be more appropriate to describe MEPs. However, very short wavelets are struggling to distinguish high frequencies (47). Thus, shortening the wavelet length in high frequencies will “smear” the event-related spectral perturbation in a wide range of high frequencies. Balancing these drawbacks, we applied a Morlet wavelet analysis with fixed wavelet length, defined by the observed MEP duration in the time series (i.e., ~40 ms). This enabled an adequate representation of the MEP in relation to the temporal and spectral resolution. However, one has to take into account that frequencies with wave lengths longer than the wavelet are not detectable (here below 25–30 Hz) and that phase detection is inaccurate in higher frequencies. Apart from these time-frequency decomposition methods, time-frequency representation can also be obtained by fitting an autoregressive (AR) model to the signal (48). This approach is very common in ECG analysis (49); however, it is strongly affected by the signal-to-noise ratio (48). Thus, it could be insufficient in situations with small MEP amplitudes such as stroke or brain tumors. Up to date, it remains unclear which method is most suitable for the time-frequency transformation of MEPs. Studies analyzing the time-frequency representation of somatosensory potentials in humans have used both a Fourier transformation (22, 25) and a Morlet wavelet approach (26).



Limitations of the Study

There are several limitations of the study that should be addressed. Although there was no statistical difference between the healthy subject group and the patient group without any motor signs, there was no good age-matched control. As age and related medical complaints (e.g., diabetes) are known to affect corticospinal conduction and MEP latencies, it cannot be completely excluded that temporal dispersion observed in Group 3 may be attributed to the higher age of the patients. Furthermore, there would be a special interest in the MEPs of the unaffected hemisphere in these patients to avoid potential biases related to a control group. Such an analysis could unravel the effect of individual but tumor-unrelated factors on MEP inter-trial-coherence (e.g., antiepileptic drug intake). Concluding, after introduction of the mentioned approach, further studies with a larger patient group and age-matched comparison cohort are necessary to confirm the described findings. Furthermore, it has to be mentioned that the current analysis includes MEPs elicited after stimulation of different brain areas (e.g., primary motor cortex and/or premotor areas) and different coil positions. Notably, it is known that slight variations in coil placement may result in different MEP responses (50).




CONCLUSION

To the best of our knowledge, this is the first study evaluating MEPs of brain tumor patients in the frequency domain. Our findings demonstrate how time-frequency analysis techniques could provide additional information about the MEP (e.g., shape) and the status of the motor system in brain tumor patients. This first evaluation indicates that brain tumors might affect cortical physiology and the responsiveness of the cortex to TMS, resulting in a temporal dispersion of the corticospinal transmission.
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