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How accurate are coordinate systems being used for transcranial magnetic stimulation?
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When applying transcranial magnetic stimulation (TMS) to the brain, it is desired to be as precise as possible to reach a target area in the brain. For that, neuronavigational system using individuals’ MRI scans were developed to guide TMS pulses delivery. All neuronavigational systems need coordinates of the target area to guide the TMS coil. Talairach coordinate system, which uses the Talairach-Tournoux atlas, is the most common system used with TMS pulses. In this study we investigated how an average Talairach coordinate from 50 healthy individuals is close to the actual location of the hand area of the primary motor cortex to investigate if that elicit a motor response in the hand; thus, investigating the fitness and accuracy of the Talairach coordinate system. We performed this experiment on six individuals (ages 61–82). When applying TMS single pulses to hand area with the given Talairach coordinate system adjusted with the MRI of each participant, three participants had involuntary twitch and three participants had no consistent physical response, as corroborated by electromyography of the abductor pollicis brevis and first dorsal interosseous muscles at the resting motor threshold intensity. Subsequently, by trial-and-error, the hand area was successfully stimulated on those three non-responder participants. The largest deviation from the Talairach coordinates was found to be 19.5 mm, measured on the surface of the cranium, between the true hand area and the mean Talairach coordinate. This finding implies that using generalized coordinates might be misleading when choosing the optimal location for brain stimulation.
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1 Introduction

Coordinate systems for neuronavigation have become a frequently used method for localizing transcranial magnetic stimulation (TMS) pulses for a desired target area of the brain. All neuronavigational systems need the coordinates of the target area to be able to guide the TMS coil. Talairach coordinate system, derived from the atlas of a post-mortem human brain dissection, is the most common system used in neuronavigation along with TMS pulses. However, the accuracy of the selected coordinates is unknown as it relies on humans having homogenous functional neuroanatomy. Therefore, this paper aims to test if a mean Talairach coordinate for the hand area primary motor cortex (M1) can elicit an involuntary hand twitch and test its accuracy compared to the traditional trial-and-error method.


1.1 TMS

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method that uses pulsed magnetic fields over a targeted brain region. The selected stimulation site depends on the treatment protocol or to examine a specific neurological function of the brain. A common stimulation area for depression and Alzheimer’s disease treatment is the dorsolateral prefrontal cortex (DLPFC) due to its association with cognitive control and the limbic system (Avissar et al., 2017; Fitzgerald, 2021; Moussavi et al., 2021).

Repetitive TMS pulses have been used as a means of treatment for many different neurological or mental disorders such as Alzheimer’s disease (Moussavi et al., 2021), persistent post-concussion syndrome (Moussavi et al., 2019), major depression (Fitzgerald, 2021), and obsessive-compulsive disorder (Modirrousta et al., 2015). In those treatment studies, the target area of the brain is localized by either physical measurement based on 10–20 electroencephalography (EEG) system (Herwig et al., 2003) or using a neuronavigation system. While neuronavigation systems, such as Brainsight (Rogue Research Inc, 2017), promise precision within a few millimeters of the target area, the system’s accuracy is limited by the accuracy of the used reference coordinate system. In this study, coordinate system accuracy and target area localization accuracy were investigated. The motor cortex is one of the only stimulation sites that enable the evaluation of whether TMS pulses induce neuron excitation. Thus, localization accuracy for the hand area was investigated by comparing trial-and-error and neuronavigation with Talairach coordinate system.



1.2 RMT

The resting motor threshold (RMT) is the minimum intensity of the TMS machine that is needed to evoke an involuntary motor response in an individual. RMT is determined using single TMS pulses applied over the hand area of the M1 when the hand is at rest. The two methods of determining RMT response from the TMS pulses are: (1) physical response, and (2) electromyography (EMG) signal analysis; though, it is always recommended to also use visual response in addition to EMG analysis. Visual inspection of physical response requires the administrator of TMS to observe the hand for an involuntary twitch following every pulse. Using this method, the definition of RMT is the minimum stimulus intensity required to evoke a visible motor response of the hand at rest for more than 50% of pulses (Greenberg et al., 1997). The second method uses EMG data from the first dorsal interosseous (FDI) muscle or abductor pollicis brevis (APB). RMT is defined by this method as the minimum intensity required to evoke a peak-to-peak motor evoked potential of 50 μV in 5 out of 10 trials (Borckardt et al., 2006). Assuming that the neurons excitability is the same across the neocortex, RMT is used as an individual’s minimum magnetic field intensity to apply TMS to anywhere over the cortex. Although some researchers have questioned such homogeneity in the neuronal threshold of excitation in different parts of the brain (Stokes et al., 2007), it is common practice to apply TMS pulses at 80–120% of the RMT for treatment or other neuroscience investigation (Peterson et al., 2011; Rutherford et al., 2015; Turi et al., 2021).



1.3 Stimulation site localization

Trial-and-error is the most used technique to determine RMT. The TMS coil is placed over the estimated motor cortex area to observe an involuntary hand twitch to confirm target acquisition. Despite its preferential use, trial-and-error is only successful if practiced by experienced researchers. These researchers must define the starting point of localizing the M1 and subsequently manoeuvre the coil’s position and angle while the coil center is tangential and in contact with the participant’s scalp. RMT tests apply single TMS pulses over the left or right M1. The location that produces the largest response in the relevant hand is defined as the “hotspot.” However, this technique is restricted to the motor cortex, as other brain areas do not have a behavioral or signature output to confirm stimulation site accuracy.

Another strategic method to localize brain stimulation sites is imaging-based navigation [magnetic resonance imaging (MRI), functional MRI, or EEG]. This technique selects a desired brain structure on a person’s MRI to determine the location to stimulate (Brett et al., 2002). Consequently, MRI-based and fMRI-based navigations are limited to the accuracy of the used coordinates and the degree of researchers’ expertise in brain anatomy, respectively. For example, precentral motor hand area localization relies on familiarity with the cerebral gyrus shape. Research has shown that the M1 hand area can be identified in an individual’s MRI as the “hand knob,” an omega or epsilon shape along the motor cortex (Yousry et al., 1997). Imaging-based navigation utilizes neuronavigation for precise navigation of the TMS coil over the skull to target specific brain regions. However, one should note that the accuracy of a neuronavigation system is proportional to the accuracy of the given coordinates of the desired target area to the software (Caulfield et al., 2022). Therefore, the question would be how accurate the coordinate of the target area is.

The International 10–20 EEG system estimates the targeted cerebral region by measuring the scalp, creating a grid, and using references such as the inion, nasion, and preauricular points (Rotenberg et al., 2014). Similar to this EEG measurement estimation, the “5 cm rule” developed by George et al. (1995), was created to target the DLPFC by measuring 5 cm anterior to the M1 hand area. This was developed in consultation with the Talairach atlas to quickly target a commonly used treatment sight. Furthermore, the Beam-F3, is another method to easily target DLPFC for TMS treatment administration which follows the International 10–20 system with less measurements (Beam et al., 2009). This method has been shown to be more precise and reliable than the 5 cm rule (Trapp et al., 2020); however, a recent study pointed out the assumptions used by the Beam-F3 method which produces an error due to head shape (Fabregat-Sanjuan et al., 2022).

For all brain localization methods, there is a trade-off between accuracy and cost (in time and money) except for the trial-and-error method. However, trial-and-error has limited application due to its requirement for direct measurable response.



1.4 Coordinate systems

Coordinate systems for the human brain are used to document the location of the brain independent of the size and shape of an individual brain. MRIs are transformed into a specific standard sized template brain for a common coordinate space. Transformation of an individual’s MRI to a template brain is through the alignment of the anterior commissure (AC) and the posterior commissure (PC), which indicates the x-, y-, and z-axis. The individual’s brain is scaled to match the template brain by scaling the distance between the AC and PC and all brain quadrants’ size (Brett et al., 2002). The most widely used spaces are the Talairach-Tournoux atlas, generated from a single dissected brain and the Montreal Neurological Institute (MNI) template, created from averaging multiple MRIs. This study will focus on testing the Talairach coordinates.

Previous research compared four TMS coil positioning strategies by analyzing the cognitive effects (Sack et al., 2009). The four positioning strategies are fMRI-guided TMS neuronavigation, MRI-guided TMS neuronavigation, group functional Talairach coordinates, and 10–20 EEG position P4. They concluded that Talairach coordinates had reduced effect sizes compared to fMRI-guided and MRI-guided neuronavigation approaches due to the consideration of interindividual variance, thereby improving TMS coil targeting (Sack et al., 2009).

Another study compared Talairach coordinates with the 5 cm rule to target the DLPFC (Fitzgerald et al., 2009). The study determined the mean distance of the motor cortex to the suggested Talairach coordinate was 91.81 mm (Fitzgerald et al., 2009). Therefore, the Talairach coordinate is significantly farther away from the motor cortex than 5 cm, depicting the inaccuracy of using simple EEG measurement method. It is important to note that the Talairach-Tournoux system was considered to provide accurate positioning to DLPFC location.

We investigated whether the mean Talairach coordinate can stimulate the FDI or APB of the M1 of individuals using TMS. The mean Talairach coordinates derived from 50 right-handed healthy individuals is reported by Mylius et al. (2013), as [−35.45, −26.12, 67.00].

As for testing the MNI coordinates, it was difficult to find an MNI coordinate to test. The majority of studies report the coordinate deeper in the cortex from fMRI studies that do not represent the TMS pulse localization coordinates that are used in TMS studies. Other studies have reported Talairach coordinates that were converted to MNI coordinates which in theory are the same location and would not be a different test as that for Talairach coordinate. Nevertheless, we determined the true hand area for each participant using trial-and-error method and reported both Talairach and MNI coordinates from the Brainsight TMS neuronavigation system.




2 Method

We collected data from five older adults from a TMS study for Alzheimer’s disease (Moussavi et al., 2021), and one healthy individual (62 years old). The participant demographics can be found in Table 1. T1-weighted MRIs from all participants were uploaded to the Rogue Research Brainsight TMS neuronavigation system. The MRI configuration on Brainsight, as shown in Figure 1, includes linear transformation, anatomical landmark registration, and Talairach coordinate setup. Linear transformation of the MRI to standardized space was performed by indication of AC and PC and ensuring the boundaries of the brain are properly identified for scaling. Anatomical landmarks including nasion (bridge of the nose), tip of the nose, right and left preauricular points were indicated on the automatic skin reconstruction. The final setup of the MRI was to register the mean Talairach coordinate of hand area M1 derived from 50 right-handed healthy individuals [−35.45, −26.12, 67.00] to each participant’s MRI (Mylius et al., 2013). This study was approved by the University of Manitoba Biomedical Research Ethics Board as a sub-study under HS19998 (B2016:077). All participants signed an informed consent form prior to their participation.


TABLE 1 Participant demographics.
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FIGURE 1
Schematic of the study protocol depicting the Brainsight software setup of participants’ MRI, EMG electrode placement on APB and FDI muscles, and demonstration of Magstim TMS coil placement on the motor cortex.


For each participant, the mean Talairach coordinate was tested first, and then by trial-and-error, the true “hotspot” was determined. To begin the session, a headband with neuronavigation tracker was placed on the participant. Co-registration of the participants to their MRI was performed with a pointer indicating the physical location of the anatomical landmarks. EMG electrodes were placed on the FDI and APB muscle, the two most used muscles for RMT measurements (Sondergaard et al., 2021), to corroborate the findings from visual response when performing RMT measurement. Brainsight2 EMG pods were used to collect the EMG data using Kendall disposable surface EMG/ECG/EKG electrodes (24 mm, Ag/AgCl). Through a trigger cable between Magstim TMS and Brainsight computer system, the EMG signals were displayed on Brainsight software for a period of time around each TMS pulse. The Rapid2 Magstim Stimulator on single TMS pulse setting with the figure-eight AirFilm Coil was used to determine RMT. Subsequently, the participant received single TMS pulses 5 to 10 s apart targeted to the pre-registered coordinates by Brainsight’s visual feedback on the coil position. Secondly, the trial-and-error method was used to determine the true “hotspot” for the M1 performed by an experienced TMS user. The intensity is reduced to the minimum intensity required to produce an involuntary visible response verified with FDI and APB EMG signals. The Brainsight system records the location of every pulse. Therefore, for the trial-and-error methods the coordinates for the M1 of the thumb in both MNI and Talairach coordinate systems were determined for the participant.



3 Results

Using the mean Talairach coordinate [−35.45, −26.12, 67.00] to stimulate the right hand, no consistent physical response was observed in 50% of the participants at their RMT intensity. For one participant, no response was detected in the electromyography data from both FDI and APB muscles at 10% higher than the known RMT. For two participants, 50% of the pulses had an observable response at 10% higher than the known RMT. The remaining three participants, the Talairach coordinate provided the hotspot for the hand area.

The accurate Talairach and MNI coordinates shown in Table 2 were determined using the trial-and-error method for the three participants with no consistent response at the mean Talairach coordinate. The scalp distance between the “hotspot” for RMT and the mean Talairach coordinate, [−35.45, −26.12, 67.00] (Mylius et al., 2013), are shown in Table 2 with the maximum being displayed in Figure 2. The mean scalp distance between the hotspot and the mean Talairach coordinate for our sample is 6.1 mm (SD = 8.1).


TABLE 2 Hotspot coordinates for participants with no consistent response at the mean Talairach coordinate.
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FIGURE 2
Brain surface visualization rendered from Participant 1’s MRI with the hotspot and the mean Talairach coordinate.




4 Discussion

In this study, the M1 was the selected stimulation site to measure a direct response from TMS to assess localization accuracy. Findings indicated that the mean Talairach coordinate could target the hand area of the M1 for 50% of the participants as evidenced by insufficient EMG signals on two muscles, and a lack of physical response. From trial-and-error, the largest deviation of the “hotspot” was 19.5 mm from the mean Talairach coordinates.

Three key factors to explain the result of this study are (1) the high interindividual variability in the brain functional localization, (2) the sample size used to determine the average coordinate, and (3) the sample size of this study. Using normalized MRIs to a standard template does not guarantee that functional locations of the brain are normalized, but only that the size of the brain is normalized. Therefore, the high interindividual variability that exists in the brain structure must be considered (Rademacher et al., 2001). Secondly, only 50 people were used to determine the mean Talairach coordinate. Thus, it is possible that a larger sample size could improve coordinate accuracy, though the concern of heterogeneous brain structures persists. Our limited sample size of 6 participants does not provide enough data to determine whether generalized coordinates should be used on majority of people. One solution would be to use a much larger dataset at different age groups and dementia severity to provide a better reference coordinates for different parts of the brain.

Dorsolateral prefrontal cortex is the most common site for TMS treatment of many neurological disorders including depression, Alzheimer’s disease, obsessive compulsive disorder, and more. There are contradictory results seen in literature whether the left, right, or both DLPFC are effective treatment locations. One concern in the prefrontal cortex is the variability in sulcal morphology, making it difficult to select an accurate anatomical location for all participants (Rademacher et al., 2001; Brett et al., 2002). Furthermore, it has been shown that the “hand knob” shape within the M1 presents high interindividual variability (White et al., 1997). Therefore, using the localization method based on functional anatomical knowledge may not be reliable.

Another consideration for TMS localization is the error margin that stimulates the targeted region. The action potentials that occur due to the TMS pulse affect the neurons at the cortex of the targeted region and the surrounding neurons. One research paper has suggested knowledge gaps in critical stimulation site accuracy for effective treatment (Fitzgerald, 2021). Furthermore, weaker magnetic fields have been shown to affect treatment outcomes (Opitz et al., 2015; Chow, 2019) which may contribute to the error margin for localization.

Numerous studies have used MNI or Talairach coordinates to determine the stimulation site (Fitzgerald et al., 2009; Hoffman et al., 2013; Kraft et al., 2015; Masina et al., 2018). A common practice for TMS studies is to use coordinates from previous studies based on Brodmann’s area or the mean MNI or Talairach coordinates from functional studies as the treatment site. The coordinates in standard space do not consider all the variability between people in the functional locations. This can affect treatment effectiveness and may shed light on inconsistencies in literature.

A few papers discussed the necessity of fMRI to accurately determine the stimulation site (Boroojerdi et al., 1999; Sack et al., 2009). It is suggested that the inaccurate stimulation site from methods such as mean coordinates, EEG measurements, or the 5 cm rule may be the reason for inconsistent results from TMS studies. However, fMRI is a very costly solution that is not accessible to all, and different methods should be further studied to improve accuracy.

In conclusion, using mean Talairach coordinates for TMS might not stimulate the targeted neurons for a particular treatment. This study determined that the mean Talairach coordinate [−35.45, −26.12, 67.00] for the left M1 hand area had a maximum error of 19.5 mm from the true hand area for 6 participants. The coordinate system was created to compare brain sites between people and localize findings of anatomical or functional studies. Researchers commonly use these coordinates to target specific sites, but their study design needs to consider localization accuracy. Furthermore, fMRI studies may provide improved location accuracy with the drawback of the cost in both time and money. Future research may determine improved and accurate targeting systems. Alternatively, establishing an appropriate error margin of localization accuracy may allow researchers to use MNI or Talairach coordinates to estimate the stimulation site for a specific region such as the DLPFC. This study emphasized the importance of understanding the coordinate system for brain imaging and its dependency on homogeneity of human brains.
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