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Abstract 
Transcranial magnetic stimulation is a non-invasive technique that can directly stimulate the human brain. The effects of 

magnetic stimulation are dependent on the stimulus frequency, number of stimuli, and stimulus strength. There is also evidence 
that the intensity of the magnetic stimulus can modulate the effect of the stimulus frequency. Thus, investigating the relationship 
between the magnetic stimulation strength and stimulus frequency is important for use of transcranial magnetic stimulation in 
humans. However, background noise by the measurement system, such as from the cable, can make it difficult to accurately 
measure magnetic stimulation strength. Therefore, we developed a method for measurement of background noise during the 
measurement of magnetic stimulation intensity. Spherically, magnetic stimulation strength was analyzed via the magnetic flux 
density using a dedicated probe. For magnetic stimulation, biphasic magnetic stimulation was used with a pulse width of 320 
µs. The stimuli were 10 pulses and 35% − 85% intensity. The measurement points were 19 mm above the stimulation coil, 
while the measurement range was ±50 mm in the long axis direction and ±50 mm in the short axis direction from the center of 
the stimulation coil. The mean magnetic flux density for each level of magnetic stimulation was approximately 62 mT at 35% 
intensity, 64 mT at 45% intensity, 67 mT at 55% intensity, 70 mT at 65% intensity, 72 mT at 75% intensity, and 75 mT at 85% 
intensity (all significantly different compared with the 35% intensity; p < 0.001). By contrast, there were no differences in the 
magnetic flux density at the measurement points compared with the center of the stimulation coil for each strength. These 
results suggest that background noise is independent of the measurement location at 19 mm above the stimulus coil for 
transcranial magnetic stimulation in the brain. This study showed that the background noise during the measurement of 
magnetic flux density may be removed using a simple measurement device. 
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1． Introduction 
 

Transcranial magnetic stimulation (TMS) is a non-invasive 
technique that can facilitate or inhibit the excitability of the 
human cerebral cortex 1-3). This modulation of excitability occurs 
via stimulation of the brain tissue by the eddy current. The 
magnetic stimulation is not affected by the scalp, skull, or hair 3, 

4). In addition to magnetic stimulation, non-invasive brain 
stimulation methods have included the use of an electrical 
stimulator (e.g., transcranial electrical stimulation [TES]) 5). 
Although transcranial magnetic stimulation and TES were 
reported to have similar effects in the motor cortex 3), they have 
different mechanisms of action 6).  

Importantly, transcranial magnetic stimulation provides 
painless stimulation because it is not affected by the high 
impedance of the scalp and skull. Furthermore, the localization 
of the cortical stimulus with TES is not as sharp as that with 

transcranial magnetic stimulation 7). For transcranial magnetic 
stimulation, the stimulus localization can be regulated using a 
figure-of-eight coil, which has a stimulus resolution of 
approximately 5 mm 8, 9). Stimulus localization is useful for 
clinical therapy and brain function research. Clinically, 
transcranial magnetic stimulation is used to treat or alleviate 
symptoms of brain and psychiatric disorders, including in 
Parkinson’s disease and depression 10-13). Furthermore, 
transcranial magnetic stimulation is used to examine higher brain 
functions, such as sensory organs and language function (e.g., in 
the visual cortex, somatosensory cortex, Broca’s area, and 
Wernicke’s area, and for memory) 14-19).  

Transcranial magnetic stimulation at the supra-motor 
threshold can be used to evoked facilitatory or inhibitory brain 
responses depending on the stimulation frequency. Generally, a 
low frequency stimulation at 1 Hz is considered to inhibit 
cerebral cortical excitability, while a high frequency stimulation 
at 5 Hz facilitates cortical excitability 3). However, at the sub-
motor threshold, low frequency stimulation at 1 Hz actually 
facilitated cerebral cortex excitability 20-22). These findings 
suggest that the magnetic stimulation intensity can regulate the 
effects of magnetic stimulation on brain activity. Therefore, it is 
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of magnetic stimulation are dependent on the stimulus frequency, number of stimuli, and stimulus strength. There is also 
evidence that the intensity of the magnetic stimulus can modulate the effect of the stimulus frequency. Thus, investigating 
the relationship between the magnetic stimulation strength and stimulus frequency is important for use of transcranial 
magnetic stimulation in humans. However, background noise by the measurement system, such as from the cable, can make 
it difficult to accurately measure magnetic stimulation strength. Therefore, we developed a method for measurement of 
background noise during the measurement of magnetic stimulation intensity. Spherically, magnetic stimulation strength was 
analyzed via the magnetic flux density using a dedicated probe. For magnetic stimulation, biphasic magnetic stimulation was 
used with a pulse width of 320 µs. The stimuli were 10 pulses and 35% － 85% intensity. The measurement points were 19 
mm above the stimulation coil, while the measurement range was ±50 mm in the long axis direction and ±50 mm in the short 
axis direction from the center of the stimulation coil. The mean magnetic flux density for each level of magnetic stimulation 
was approximately 62 mT at 35% intensity, 64 mT at 45% intensity, 67 mT at 55% intensity, 70 mT at 65% intensity, 72 mT 
at 75% intensity, and 75 mT at 85% intensity (all significantly different compared with the 35% intensity; p < 0.001). By 
contrast, there were no differences in the magnetic flux density at the measurement points compared with the center of the 
stimulation coil for each strength. These results suggest that background noise is independent of the measurement location at 
19 mm above the stimulus coil for transcranial magnetic stimulation in the brain. This study showed that the background 
noise during the measurement of magnetic flux density may be removed using a simple measurement device.
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important to determine the detailed energy dynamics of 
transcranial magnetic stimulation in the cerebral cortex to 
understand the mechanisms underlying the effects of transcranial 
magnetic stimulation. 

However, there are very limited relevant studies because of 
the difficulties in accurately measuring magnetic stimulation 
strength caused by background noise introduced by the 
measurement system (e.g., from the cables). In a prior study 
using a magnetic flux density measurement at 75% TMS power, 
and a magnetic flux density at the center of the magnetic 
stimulation coil of approximately 250 mT, the magnetic flux 
density of the background noise was approximately 61 mT 23). 
Thus, approximately 25% of the measured magnetic flux density 
values were related to background noise. As such, it is important 
to assess the contribution of background noise during 
measurements of magnetic flux density measurement. The aim 
of the present study was to assess the background noise 
generated during the measurement of magnetic stimulation 
intensity using a simple system that measures background noise 
on the stimulation coil.  
 

2． Methods 
 
2.1 Experimental design 

A schematic of the experimental design for measuring 
background noise on a magnetic stimulation coil is shown in 
Figure 1. Background noise was measured at 19 mm above the 
magnetic stimulation coil 23-25). The magnetic flux density was 
measured using a probe consisting of a twisted pair cable (cable 
length: approximately 45 mm) and a lead-out cable (cable 
length: approximately 4,800 mm). Polyurethane copper wire 
(outer diameter of 0.6 mm) was used for the twisted pair cable. 
An acrylic pipe (300 mm) was used to keep the cable straight. 
The induced electromotive force (E) detected by the probe was 
fed to the resistor-capacitor (RC) integrator in the measuring 
system. The output voltage (vout) passing through the buffer 
amplifier was recorded by a digital oscilloscope (DS1054Z; 
Rigol Technologies Co. Ltd, Suzhou, China). The RC integrator 
consisted of a resistor (R; 4.217 kΩ) and a film capacitor (C; 
0.09967 µF), which were measured by an inductance–
capacitance–resistance meter (LCR-1983; Mothertool Co., Ltd., 
Nagano, Japan) at 1 kHz. The magnetic flux density (B) was 

 

Figure 1. Experimental design. The study was designed to determine the magnetic flux density (background noise) detected by the twisted pair cable and lead-
out cable without a sensor coil. The distance between the source of the magnetism and the measuring system was separated by a long distance by the lead-out 
cable. The tip of the twisted pair cable was short-circuited, and the opening surface connecting to the lead-out cable was parallel to the magnetic flux. The time 
constant (τ) of the integrator was τ >320 µs (magnetic stimulation pulse width) to avoid the measurement error. A space of 19 mm was assumed for the presence 
of the scalp, the skull, the cerebrospinal fluid, and a sensor for measuring the magnetic flux density 23-25). 
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calculated using formula (1). S indicates the area of the sensor 
coil. In this study, a one-turn (N = 1) sensor coil with a diameter 
of 8 mm was assumed 10). 

                    𝑩𝑩 = 1
𝑁𝑁𝑁𝑁 ∫ 𝐸𝐸 𝑑𝑑𝑑𝑑 ≃ 𝑅𝑅𝑅𝑅 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜

𝑁𝑁𝑁𝑁                  (1) 

Measurement points of the background noise were placed 
every 10 mm from the center of the stimulus coil to ± 50 mm on 
each x- and y-axis. The measurement data were analyzed using 
R (Welch t-test). 
 
2.2 Transcranial magnetic stimulation 

A super rapid stimulator (Magstim Co. Ltd, Whitland, 
Carmarthenshire, UK) and a magnetic stimulation coil (P/N 

4102-00; diameter of 70 mm; Magstim Co. Ltd) were used for 
magnetic induction. Magnetism was generated by transcranial 
magnetic stimulation with 10 pulses of a 320 µs pulse width. The 
stimulation frequency was approximately 0.1 Hz, and the 
magnetic intensity was 35%, 45%, 55%, 65%, 75%, and 85% of 
the magnetic stimulator output.  

 
3． Results 
 

The mean values of the magnetic flux density on the x-axis 
(a) and y-axis (b) of the figure-eight coil at each magnetic 
stimulation intensity are shown in Figure 2. At the 0.0 mm 
position (the intersection of the x- and y-axes), the magnetic flux 

 

 

Figure 2. Relationship between the 
magnetic flux density (mean) and 
measurement position on the 
stimulus coil. (a) The magnetic flux 
density on the x-axis. (b) The 
magnetic flux density on the y-axis. 
The dashed line indicates the 0.0 mm 
position in the center of the figure 
eight-shaped flat coil. 

 

 
Figure 3. Relationship between magnetic flux density (mean ± standard deviation) and magnetic stimulation intensity. (a) Mean ± standard deviation of 
the magnetic flux density on the x-axis on the stimulation coil. (b) Mean ± standard deviation of the magnetic flux density on the y-axis on the stimulation coil. 
(c) Mean ± standard deviation of the x- and y-axes on the stimulation coil. 
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density at 85% intensity was 74.646 ± 3.611 mT, at 75% was 
71.811 ± 3.282 mT, at 65% was 70.715 ± 2.989 mT, at 55% was 
66.777 ± 3.011 mT, at 45% was 63.968 ± 3.785 mT, and at 35% 
was 62.655 ± 1.651 mT. There were no differences in the 
magnetic flux density of each measurement position compared 
with the magnetic flux density at the 0.0 mm position for all 
magnetic stimulation intensities on the x- or y axes. 

The mean ± standard deviation of the magnetic stimulation 
intensity on the x-axis (a) and the y-axis (b) are shown in Figure 
3. For the x-axis, the magnetic flux density was 75.038 ± 4.221 
mT at 85% intensity, 72.040 ± 3.567 mT at 75% intensity, 70.735 
± 3.715 mT at 65% intensity, 67.386 ± 3.176 mT at 55% intensity, 
64.094 ± 2.941 mT at 45% intensity, and 62.050 ± 3.102 mT at 
35% intensity. By contrast, for the y-axis the magnetic flux 
density was 73.980 ± 3.864 mT at 85% intensity, 71.955 ± 4.375 
mT at 75% intensity, 69.825 ± 3.078 mT at 65% intensity, 67.372 
± 3.238 mT at 55% intensity, 64.046 ± 3.211 mT at 45% intensity, 
and 62.171 ± 3.097 mT at 35% intensity. There was a significant 
different in the magnetic flux density compared with 35% of 
magnetic stimulation intensity for each the x- and y-axis (p < 
0.001). However, there were no differences in the magnetic flux 
density of x-axis and y-axis, except for at 65% intensity (vs. 35%: 
p = 0.7727, 45%: p = 0.9068, 55%: p = 0.9734, 65%: p = 0.0490, 
75%: p = 0.8745, 85%: p = 0.0540). The overall (x-axis and y-
axis) mean ± standard deviation each magnetic stimulation 
intensity is shown in Figure 3(c). The mean magnetic flux 
density was 74.495 ± 4.131 mT at 85% intensity, 72.017 ± 4.059 
mT at 75% intensity, 70.236 ± 3.485 mT at 65% intensity, 67.439 
± 3.226 mT at 55% intensity, 64.080 ± 3.015 mT at 45% intensity, 
and 62.056 ± 3.201 mT at 35% intensity. There was a significant 
difference in the mean magnetic flux density compared with that 
at 35% intensity (p < 0.001). 

 
4． Discussion 
 

Previous studies have used a probe to measure the magnetic 
flux density on the stimulus coil during transcranial magnetic 
stimulation. This probe consists of a one-turn sensor coil, a 
twisted pair line, and a lead-out cable. These measured values 
also include the magnetic flux density (background noise) 
detected by the twisted pair cable and the lead-out cable 23). 
However, this background noise affects the accuracy of the 
magnetic flux density measurement. Thus, in the present study, 
we developed a simple measurement system to subtract the 
background noise generated by transcranial magnetic 
stimulation. 

The magnetic flux density is modulated by different 
measurement positions on the figure-eight flat coil 23). Therefore, 
we predicted that the background noise value would depend on 
the measurement position on the stimulus coil. We found that the 
magnetic flux density of the background noise was reduced by 
low intensities of magnetic stimulation. Specifically, background 
noise decreased by approximately 5% at magnetic stimulation 
intensities of 75% and 65%, by 10% at 55% intensity, and by 
approximately 15% at 45% and 35% intensities when compared 
with 85% magnetic stimulation intensity. Thus, the background 
noise value depended on the magnetic stimulation strength. 
However, these results suggest that for each strength, the 
background noise value remains constant regardless of the 
measurement position, such as on the x-axis or the y-axis. Note 
that there was a significant difference in background noise 
between the x- and y-axes at 65% intensity, which may be due to 
measurement error. 

It was previously reported that the subtraction process 
requires an off-line measurement to measure the magnetic flux 
density and background noise 23). The present findings suggest 
that the magnetic flux density at the center position on stimulus 
coil and background noise at far from center position on stimulus 
coil can be measured simultaneously. Thus, the measurement 
position of the background noise does not have to be the same as 
that for the sensor coil. Nevertheless, simultaneous measurement 
can cause interference between the two probes. As such, 
measurement of the magnitude of each effect is required. 

 
5． Conclusion 
 

We investigated the background noise generated during 
measurement of magnetic flux density using a sensor coil. The 
background noise was detected using a twisted pair line and a 
lead-out cable, without a sensor coil. Therefore, we utilized a 
dedicated probe to evaluate the background noise on the 
stimulation coil during transcranial magnetic stimulation. We 
found that the background noise value was dependent on the 
magnetic stimulation strength, but not the measurement position. 
This may help solve the problem of background noise during the 
measurement of magnetic flux density. 
 

Acknowledgments 
 

This work was supported in part by The Uehara Memorial 
Foundation. 
 

Measurement of Background Noise on Magnetic Stimulation Coil

－ 62 －



Tetsuya TORII, Akiyoshi SHIROTO*2, Yukari OGAWA, Kenta SUZUKI and Aya SATO 

 - 15 - 

References 
 

1) A. T. Barker, I. L. Feeston, R. Jalinous, P. A. Merton, and 
H. B. Morton, Magnetic Stimulation of the human brain, 
Physiological society, proceedings, 3P, 1985. 

2) A. T. Barker, R. Jalinous, and I. L. Freeston, Non-Invasive 
Magnetic Stimulation of Human Motor Cortex, The Lance, 
11, pp. 1106-1107, 1985. 

3) M. Hallett, Transcranial Magnetic Stimulation: A Primer, 
Neuron 55, pp. 187-199, 2007. 

4) G. Hasey, Transcranial magnetic stimulation in the 
treatment of mood disorder: A review and comparison 
with electroconvulsive therapy, Can. J. Psych., 46, pp. 
720–727, 2001. 

5) H. Ekhtiari, H. Tavakoli, G Addolorato, et al., Transcranial 
electrical and magnetic stimulation (tES and TMS) for 
addiction medicine: A consensus paper on the present state 
of the science and the road ahead, Neurosci Biobehav Rev., 
104, pp. 118-140, 219. 

6) T. Reed, and R. C. Kadosh, Transcranial electrical 
stimulation (tES) mechanisms and its effects on cortical 
excitability and connectivity, J Inherit Metab Dis., 41(6), 
pp. 1123-1130, 2018. 

7) T. Radman, R. L. Ramos, J. C. Brumberg, and M. Bikson, 
Role of cortical cell type and morphology in subthreshold 
and suprathreshold uniform electric field stimulation in 
vitro, Brain Stimulation, 2(4), pp. 215–228, 2009. 

8) S. Ueno, T. Matsuda, and M, Fujiki, Functional mapping 
of the human motor cortex obtained by focal and vectorial 
magnetic stimulation of the brain, IEEE Transactions on 
Magnetics, 26(5), pp. 1539-1544, 1990. 

9) S. Ueno, T. Matsuda, and O. Hiwaki, Localized 
stimulation of the human brain and spinal cord by a pair of 
opposing pulsed magnetic fields, J. Appl. Phys., 67, 5838, 
1990. 

10) M. Vonloh, R. Chen, and B. Kluger, Safety of transcranial 
magnetic stimulation in Parkinson's disease: a review of 
the literature, Parkinsonism Relat Disord, 19(6), pp. 573-
585, 2013. 

11) F. Fisicaro, G. Lanza, M. Cantone, R. Ferri, G. Pennisi, A. 
Nicoletti, M. Zappia, R. Bella, and M. Pennisi, Clinical and 
Electrophysiological Hints to TMS in De Novo Patients 
with Parkinson's Disease and Progressive Supranuclear 
Palsy, J Pers Med., 10(4), 274, 2020. 

12) E. Klein, I. Kreinin, A. Chistyakov, D. Koren, L. Mecz, S. 
Marmur, D. Ben-Shachar, and M. Feinsod, Therapeutic 

efficacy of right prefrontal slow repetitive transcranial 
magnetic stimulation in major depression: a double-blind 
controlled study, Arch Gen Psychiatry, 56(4), pp. 315-320, 
1999. 

13) A. I. Sonmez, D. D. Camsari, A. L Nandakumar, J. L V. 
Voort, S. Kung, C. P Lewis, and P. E. Croarkin, Accelerated 
TMS for Depression: A systematic review and meta-
analysis, Psychiatry Res., pp. 770-781, 2019. 

14) T. A. de Graaf, M. Koivisto, C. Jacobs, and A. T. Sack, The 
chronometry of visual perception: review of occipital TMS 
masking studies, Neurosci Biobehav Rev., 45, pp. 295-304, 
2014. 

15) V. S. Krishnan, S. S. Shin, V. Belegu, P. Celnik, M. 
Reimers, K. R. Smith, and G. Pelled, Multimodal 
evaluation of TMS - induced somatosensory plasticity and 
behavioral recovery in rats with contusion spinal cord 
Injury, Front Neurosci., 13, 387. 2019. 

16) M. Carreiras, C. Pattamadilok, E. Meseguer, H. Barber, 
and J. T. Devlin, Broca's area plays a causal role in 
morphosyntactic processing, Neuropsychologia., 50(5), pp. 
pp. 816-820, 2012. 

17) V. Versace, K. Schwenker, P. B. Langthaler, S. 
Golaszewski, L. Sebastianelli, F. Brigo, E. Pucks-Faes, L. 
Saltuari, and R. Nardone, Facilitation of Auditory 
Comprehension After Theta Burst Stimulation of 
Wernicke's Area in Stroke Patients: A Pilot Study, Front 
Neurol., 10, 1319, 2020. 

18) W.C. Wang, E. A. Wing, D. L. K. Murphy, B. M. Luber, S. 
H. Lisanby, R. Cabeza, and S. W. Davis, Excitatory TMS 
modulates memory representations, Cogn Neurosci., 9(3-
4), pp. 151-166, 2018. 

19) M. C. Ridding, J. C. Rothwell, Is there a future for 
therapeutic use of transcranial magnetic stimulation? Nat 
Rev Neurosci., 8(7), pp. 559-567, 2007. 

20) T. Torii, A. Sato, Y. Nakahara, M. Iwahashi, Y. Itoh, and K. 
Iramina, Frequency-dependent effects of repetitive 
transcranial magnetic stimulation on the human brain, 
Neuroreport, 23(18), pp 1065-1070, 2012. 

21) A. Sato, T. Torii, M. Iwahashi, and K. Iramina, Alterations 
in Motor Cortical Excitability Induced by Peripheral 
Stimulation with Magnetic Stimulation, IEEE 
Transactions on Magnetics, 54(11), 5000804, 2018. 

22) T. Torii, A. Sato, M. Iwahashi, and K. Iramina, Effects of 
Sub-Motor-Threshold Transcranial Magnetic Stimulation 
on Event-Related Potentials and Motor-Evoked Potentials, 
Bull. School of Industrial and Welfare Engineering Tokai 

Tetsuya TORII, Akiyoshi SHIROTO, Yukari OGAWA, Kenta SUZUKI and Aya SATO

－ 63 －



Measurement of Background Noise on Magnetic Stimulation Coil 

 - 16 - 

Univ., 5, pp.1-6, 2017. 
23) T. Torii, H. Sakamoto, and A. Sato, Simplified Magnetic 

Flux Density Measurement for Local Resolution Analysis 
of Transcranial Magnetic Stimulation, Intermag 2023 
Conference, Digest, EPB-13, IEEE MAGNETICS, 2023. 

24) M. G. Stokes, C. D. Chambers, I. C. Gould, T. R. 
Henderson, N. E. Janko, N. B. Allen, and J. B. Mattingley, 
Simple metric for scaling motor threshold based on scalp-
cortex distance: application to studies using transcranial 
magnetic stimulation, J Neurophysiol., 94(6), pp. 4520 
4527, 2005. 

25) K. A. McConnell, Z. Nahas, A. Shastri, J. P. Lorberbaum, 
F. A. Kozel, D. E. Bohning, and M. S. George, The 
transcranial magnetic stimulation motor threshold depends 
on the distance from coil to underlying cortex: a replication 
in healthy adults comparing two methods of assessing the 
distance to cortex, Biol Psychiatry, 49(5), pp. 454-459, 
2001. 

Measurement of Background Noise on Magnetic Stimulation Coil

－ 64 －


