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Abstract

Transcranial magnetic stimulation (TMS) is a type of noninvasive brain stimulation used to study
corticomotor excitability of the intact and injured brain. Identification of muscle representations in
the motor cortex is typically done using a procedure called ‘hotspotting’, which involves
establishing the optimal location on the scalp that evokes a maximum TMS response with
minimum stimulator intensity. The purpose of this study was to report the hotspot locations for the
tibialis anterior (TA) muscle representation in the motor cortex of healthy and post stroke
individuals. A retrospective data analyses from 42 stroke participants and 32 healthy participants
was conducted for reporting TMS hotspot locations and their spatial patterns. Single pulse TMS,
using a 110 mm double cone coil, was used to identify the motor representation of the TA. The
hotspot locations were represented as x and y-distances from the vertex for each participant. The
mediolateral extent of the loci from the vertex (x-coordinate) and anteroposterior extent of the loci
from the vertex (y-coordinate) was reported for each hemisphere: non-lesioned (XNLes, YNLes),
lesioned (XLes, YLes) and healthy (XH, YH). We found that the mean hotspot loci for TA muscle
from the vertex were approximately: 1.29 cm lateral and 0.55 cm posterior in the non-lesioned
hemisphere, 1.25 cm lateral and 0.5 cm posterior in the lesioned hemisphere and 1.6 cm lateral
and 0.8 cm posterior in the healthy brain. There was no significant difference in the x- and y-
coordinates between the lesioned and non-lesioned hemispheres. However, the locations of the
XNLes (p = 0.01) and XLes (p = 0.004) were significantly different from XH. The YNLes and

Y Les showed no significant differences from YH loci. Analyses of spatial clustering patterns using
the Moran’s | index showed a negative autocorrelation in stroke participants (NLes: Moran’s | =
-0.09, p < 0.001; Les: Moran’s | = -0.14, p = 0.002), and a positive autocorrelation in healthy
participants (Moran’s | = 0.16, p < 0.001), suggesting that individuals with stroke demonstrated a
more dispersed pattern of hotspot locations than healthy individuals. Our results suggest that the
hotspot loci show different spatial patterns in healthy and stroke individuals. The hotspot locations
from this study has the potential to provide a guideline for optimal stimulation locations for the TA
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muscle in healthy and post stroke individuals for neuromodulation procedures such as transcranial
direct current stimulation.
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1. Introduction

Over the last 30 years, single pulse transcranial magnetic stimulation (TMS) has been
increasingly used to examine corticomotor excitability of muscle representations in the
intact and injured human brain. The TMS-induced motor evoked potential (MEP) is a
common parameter used to quantify changes in corticomotor excitability of the desired
motor area. Identification of the muscle representation on the motor cortex necessitates the
placement of the TMS coil over the location on the head, where maximal responses from the
muscle can be elicited. This optimal site of stimulation is typically referred to as the “motor
hotspot”, and is defined as the coil position that evokes a largest average MEP with a
minimum stimulator output. The location of the hotspot is not only important for studies that
quantify temporal changes in cortical excitability but also an important target for other
neuromodulation procedures, such as transcranial direct current stimulation (tDCS).

tDCS is a non-invasive, safe, portable, and low cost modality that has been effectively used
to prime the neuromotor system to modulate corticomotor excitability and optimize
functional outcomes [9,15]. In laboratory studies that investigate the neurophysiological
effects of tDCS, researchers typically use single pulse TMS to locate the hotspot of the
desired motor area before placing the active tDCS electrode. Although we agree that TMS is
the ideal technique to map the brain and study the efficacy of tDCS, this is a critical
limitation when translating a low cost intervention such as tDCS into clinical practice. TMS
is expensive, technically demanding, and time consuming. Transition of tDCS as a clinical
tool can be expedited if the precise anatomical location of muscle representations is known
without the need for sophisticated equipment such as TMS or other brain mapping
techniques such as magnetic resonance imaging. This is important, especially when
considering the development of tDCS as a home-based treatment modality[4,23].

An alternate method to brain mapping using TMS would be to rely on the manual 10-20
International System for electrode placement [11]. The 10-20 system is commonly used for
placement of electroencephalography (EEG) electrodes and relates external skull landmarks
with the underlying predefined cortical areas. This system is widely used to describe
electrode placements especially in EEG studies and has been used as a reference for many
TMS and tDCS studies to locate specific cortical areas without neuronavigation. Although
the 10-20 system accounts for some variability in individual skull size, one cannot be certain
that the areas identified with this system correspond to desired anatomical location. Few
cognitive neuroscience studies have reported the relationship between the 10-20 system with
anatomical CT and MRI scans of the frontal area [8,25,28]. Although these authors
encountered inter-individual variability due to cranial asymmetry, they found that important
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locations in the cranio-cerebral topography, such as the central and lateral Sylvian fissures
and Brodmann’s areas, related well to EEG placement of electrodes. They further
acknowledge that differences in spatial orientation of deeper surfaces of the brain may
contribute to the variability of external surfaces, which may be pertinent while obtaining
neurophysiology based measures such as TMS.

However, to our knowledge, the anatomical locations of TMS identified muscle
representations in the motor cortex have not been reported in detail. Few lower limb studies
have mentioned the TA hotspot to be approximately 1-3 cm posterior or lateral to the vertex
[2,3,6,7,12,13,20,21], but none have provided detailed measurements of the hotspot in a
large cohort of stroke participants. Hence, in this study we aimed to report the optimal TMS
stimulation site for the tibialis anterior (TA) muscle representation using external landmarks
identified with the 10-20 system in a large cohort of stroke and healthy participants.
Furthermore, we compared the spatial patterns of somatotopic localizations of the TA
muscle between healthy and post stroke individuals.

2. Material and methods

2.1. Study design

This is a retrospective study design, where TMS measurements were collected as a part of a
larger randomized control trial in the Brain Plasticity Laboratory at the University of Illinois
at Chicago. We include baseline TMS hotspot measurements from healthy and post stroke
individuals who had participated in the previous study.

2.2. Participants

Data from 42 chronic stroke participants (age range 42—74 years, 27 males and 15 females)
and 32 healthy participants (age range 21-32 years, 18 males and 14 females) were
included. 19 stroke participants had left-sided hemi-paresis and 23 had right-sided hemi-
paresis. We assessed footedness in healthy participants by asking with which leg they
preferred to kick a ball. The right side was reported dominant in 30 participants, and the left
side in 2 participants. The demographic characteristics of our participants with stroke are
presented in Table 1.

All healthy participants reported no history of prior neurological, cardiovascular or
orthopedic dysfunction. Inclusion criteria for stroke patients included those with a first-ever
mono-hemispheric stroke at least 6 months prior to participation, and those who had
detectable MEPs from the paretic tibialis anterior muscle. Patients with contraindications to
TMS, including those with metal implants, a history of seizures and medications that alter
central nervous system excitability, were excluded from the study. Other exclusion criteria
included presence of cognitive impairments, brainstem or cerebellar lesions, and weakness
or spasticity preventing visible dorsiflexion.

All participants were informed of the research procedures and risks, and a written informed
consent was obtained from everyone. All research methods were approved by Institutional
Review Board at University of Illinois at Chicago, and conformed to the Declaration of
Helsinki.

Neurosci Lett. Author manuscript; available in PMC 2016 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sivaramakrishnan et al. Page 4

2.3. Electromyography (EMG) setup

2.4. TMS

Participants were seated comfortably in a chair with knees flexed to 90°. EMG data were
collected bilaterally from the TA muscles in stroke participants and from the non-dominant
TA muscle in healthy participants. Surface Ag/AgCl electrodes were placed over the muscle
belly of the TA. The reference electrode was placed over the spinous process of the seventh
cervical vertebra. Before placing the EMG electrodes, the skin was shaved if needed, and
rubbed with alcohol to reduce impedance. EMG data were sampled at 2000 Hz, amplified
(1000X) and band pass filtered (10-500 Hz) with a Delsys EMG system (Bagnoli 8, MA
USA). The EMG data collection was performed using Spike2software (Cambridge
Electronic design, Cambridge, UK). An estimate of maximum voluntary isometric
contraction (MVC) for the tibialis anterior was obtained prior to collecting TMS data.

A tight fitting linen cap was placed over the participant’s head. Then, the following
landmarks were identified using the 10-20 EEG system — the nasion (Ns), inion (In), Left
(PAL) and Right (PAR) preauricular points to establish the vertex or Cz [11]. The
intersection of the longitudinal nasion-inion (Ns-In) and lateral pre-auricular points (PAL-
PAR) was labeled as the vertex (Cz).

Single pulse TMS was delivered by means of a Magstim 200 stimulator (Magstim, Dyfed,
Wales UK) with a double cone coil (diameter 110 mm) using a posterior-anterior cortical
current orientation [16,17]. Spike2 software was used to trigger the stimulator at 0.25 Hz
frequency and record the trigger pulses. During TMS, the participants were provided with
visual feedback of their muscle activity and instructed to maintain a tonic contraction of the
TA that represented approximately 10-20% MVC. For the participants with stroke, the non-
lesioned (NLes) and lesioned hemispheres (Les) were tested. For the healthy participants,
the hemisphere (H) contra-lateral to the non-dominant foot was tested.

During the experiment, the coil was initially placed over the vertex (Cz), and then the coil
was moved in small increments to find the location for producing the maximum MEP
response for the contralateral TA muscle at the lowest stimulator intensity. This was defined
as the “hotspot” of the muscle representation. The location of the double cone coil was
traced on the cap.

After the TMS session, the intersection of the two embedded coils within the double cone
was extrapolated onto the cap on the participant’s head, and detailed recordings of the
location of the hotspot from the vertex were noted for each participant.

2.5. Data and statistical analyses

The study data were represented as x- and y-distances from the vertex, in centimeters, for
each participant. For data analyses, the vertex was considered as the origin (0, 0) in the
Cartesian plane (x-y coordinate system), and the distances were recorded on the respective
axes. XNLes: YNLes: XlLes: YLes: X and Yy were used to denote the x and y coordinates for
hotspot loci for the non-lesioned, lesioned and healthy hemispheres respectively. Positive y
values represent an anterior direction from the vertex, and negative values represent a
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posterior direction from the vertex. Positive x-distances represent the lateral extent of the
loci from the vertex within the motor cortex contralateral to the tested muscle, and negative
x-distance represent the lateral extent of the loci from the vertex within the ipsilateral motor
cortex.

A paired #test was used to examine differences in the hotspot loci (x and y coordinates
separately) between the non-lesioned and lesioned loci. An independent samples £test was
used to examine the differences in the hotspot loci (x and y coordinates separately) between
the lesioned and healthy loci, and the non-lesioned and healthy loci. Since the data were
used twice for the analyses, a Bonferroni correction was incorporated and the p-value was
adjusted accordingly. A p-value < 0.025 was considered significant.

Spatial distribution patterns of the hotspot loci in each group were estimated using a
previously developed and validated mathematical tool called Moran’s 1 [18,19]. Moran’s | is
an index of spatial autocorrelation which measures the similarity of values in neighboring
places from a mean value, and provides an estimate of how related the values within each
group are. Moran’s | is known to be a spatially weighted form of the Pearson’s correlation
coefficient [29] and ranges from -1 to +1 (Fig. 1). A Moran’s | value near +1 indicates
100% spatial clustering, while a value near -1 indicates 100% spatial dispersion. A value
close to 0 indicates spatial randomness. We used the following approach to calculate
Moran’s | [19]. Based on the minimum and maximum values of the x and y data, the
maximum Euclidean distance between any two points within each dataset was calculated.
Once we obtained the maximum distance between all two points, a matrix was generated
based on these distances.

Ni iwij (Xif ;() (xjf )2)

i=1j=1

(E&m) £0-9)

where:

N = Number of observations, Wij; = weighting factor = 1/d, d = the distance between loci in
space, X; — X = deviation of the x-coordinate from mean, Xj = X = deviation of the y-
coordinate from mean.

For statistical hypothesis testing, the Moran’s | was transformed into a Z score using the
following formula:

where:
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where: E [lj] = Expected Value of Moran’s I, V [l;] = Variance of |

The Z scores were tested for assumptions of normality. When the p-value is small, and the
absolute value of the Z score is large enough that it falls outside of the desired confidence
level, the null hypothesis i.e., complete spatial randomness (no spatial patterns in the hotspot
loci) can be rejected. This would indicate that the loci exhibit statistically significant
clustering or dispersion, which is attributable to some underlying spatial process. Z values
above 1.96 or below —1.96 (95% confidence interval) were considered to indicate statistical
significance.

SPSS Statistics software (Version 22.0, SPSS Inc., Chicago, Illinois, USA) was used to
perform the one way ANOVA, and Microsoft Excel was used to calculate the Moran’s I. A
p-value of <0.05 was considered as significant for Moran’s | analyses.

3. Results

3.1. Location of the hotspot loci

The distribution of the hotspot loci in the study participants is shown in Fig. 2. Average
distance + standard deviation for Xpjes was 1.29 = 0.57 cm, X| ¢ was 1.25 + 0.53 cm and
Xp was 1.65 £ 0.65 cm. The average y distance + standard deviation for Yy _es Was —0.55
+0.77 cm, Y| g Was —0.50 + 0.82 cm, and Yy was —0.77 + 1.36 cm. A majority of
participants (30 stroke and 17 healthy) had their TA loci lateral and posterior to the vertex.
18 participants (7 stroke and 11 healthy) had their loci lateral and anterior to the vertex. 9
participants had their TA loci lateral to the vertex (y coordinate was 0). No participant
revealed a negative x coordinate i.e., the hotspot location was always found to be on the
contralateral motor cortex. Table 2 shows the descriptive data for the non-lesioned, lesioned
and healthy hemispheres. Paired #tests showed no differences between the Xy es and X| g5
loci (p = 0.71), and between the Y es and Y gs loci (p = 0.59). The independent samples &
test revealed significant differences between the X s and Xy loci [t(72) = —2.95, p = 0.004],
and between the Xpjes and Xy loci [t(72) = —2.53, p = 0.01] respectively. The independent
samples £test showed no differences between the Y es and Y [t(72) = 0.85 p = 0.39] or
between the Y| o5 and Yy [t(72) = 1.02, p = 0.3].

3.2. Moran’s | statistic

The lesioned and non-lesioned hemispheres showed negative values of Moran’s I, i.e. —0.14
(Z =-5.02, p =<0.001), and —0.09 (Z = -3.03, p = 0.002), suggesting a tendency towards
spatial dis persion or negative autocorrelation within the stroke group. In the healthy
hemisphere, a positive value of Moran’s | was noted (I = 0.23, Z = 3.87, p = <0.001),
indicating that healthy participants showed a tendency towards spatial clustering or positive
autocorrelation.
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4. Discussion

In this study, we report spatial locations and patterns of hotspot loci for the TA muscle
representation in the intact and injured motor cortex using standard TMS. Our results
suggest that the somatotopic localization for the TA muscle representation, from the vertex,
is found 1.29 cm lateral and 0.55 cm posterior in the non-lesioned hemisphere, 1.25 cm
lateral and 0.50 cm posterior in the lesioned hemisphere of patients with stroke, and 1.60 cm
lateral and 0.80 cm posterior in healthy individuals. The leg area of the human motor cortex
is known to be embedded within the interhemispheric fissure at 3-4 cm depth from the scalp
surface[1,10,26]. We believe that the optimal stimulation site reported here is lateral and
posterior to the vertex as a result of the shape and angle of the stimulation-induced magnetic
fields.

There was no difference in the location of the TA hotspot in the anterior-posterior direction
between the healthy and post stroke motor cortices. However, hotspot loci in the
mediolateral direction were significantly different between the healthy and stroke
participants. The healthy participants showed the most lateral deviation from the vertex, and
the hotspot of the paretic TA was closest to the vertex.

A more uniform pattern of clustering was noted in the healthy as compared to the stroke
participants. There was a tendency for hotspot loci to be clustered in the healthy individuals,
and dispersed in post stroke individuals. It is important to note that the distribution of the
hotspot loci for the individuals with stroke ranged from 0 to 2.6 cm in the mediolateral
direction and from —2.6 to 1.1 cm in the anteroposterior direction. As many tDCS studies
use standard electrode configurations which are typically 8-35 cm? in area, it is possible that
one can use the reported hotspot locations in this study as a guideline to place large
electrodes over the lower limb motor cortex. However, precise stimulation of one location
over another (e.g. motor cortex vs. supplementary motor area, non-lesioned vs. lesioned)
may not be possible with the reported data.

The anatomical locations of standard TMS placements at a group level for the tibialis
anterior muscle in the intact and injured brains have not been reported before. A few studies
have estimated the approximate locations of the TA hotspot to be within 1-3 ¢cm lateral to
the vertex [2,17]. In a previous study using image guided TMS, Niskanen et al. [22] reported
that optimal stimulation site for the TA muscle was near the longitudinal fissure for healthy
individuals, and that the observed variance in the location did not correlate with age or head
circumference. In our study, we confirmed the optimal stimulation location using standard
TMS, and furthermore, we reported the precise location in the anteroposterior and
mediolateral coordinates on the skull. We expect these data to inform future clinical studies
that utilize neuromodulation techniques, such as tDCS, to enhance neural plasticity to
optimize motor learning. This may minimize the need for navigated brain stimulation
techniques which are expensive, require technical expertise and not readily available in the
clinic.

In this study, we used the Moran’s | to observe spatial patterns of hotspot loci distributions.
It is not a surprising observation that the individuals with stroke demonstrated a more
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dispersed pattern than healthy individuals. Numerous brain imaging studies have indicated
that reorganization of cortical representational maps contribute to stroke recovery [30]. This
reorganization is thought to be a complex process induced by spontaneous recovery, as well
as experience-dependent learning [14]. However, it is interesting to note that both the non-
lesioned and lesioned hemispheres demonstrate the dispersed pattern, and this is in
agreement with studies that have shown changes in cortical reorganization in the non-
lesioned hemisphere as well [5,31,32].

The results of this study are limited by their generalizability to other lower limb muscle
representations and to other neurological populations. Nonetheless, this study provides
promising early evidence for spatial localizations of cortical motor representations,
especially for the TA muscle. Our accuracy of hotspot localization may have been influenced
by small movements of the hand-held coil, and the subsequent coil adjustment during the
experiments, which may have caused changes in field strength and stimulus locations.
Additionally, our reported measurements do not include variability in coil orientation.
Current evidence suggests that adjustments in the coil orientation may induce variations in
motor thresholds [24,27]. It is also important to note that we provide a rather simplified
model of reporting our results in the XY plane and have not taken into consideration
measurements in the Z plane. We also do not take into account the angle at which the
stimulus is influencing the cortical neurons. Our results also do not account for inter-
individual variations in skull shape and size, cytoarchitecture and neuroanatomy. All these
factors minimize the accuracy of our findings. Given our observation that the optimal site is
close to the vertex with minimal variance, we believe that this inaccuracy in location may be
negligible when exploring a cheap and efficient way to apply tDCS in the clinical or home
setting. Precise information can be obtained only with elegant techniques, such as magnetic
resonance imaging (MRI) guided navigated coil positioning, which may be a prerequisite for
accurate recordings. Future studies using neuro-navigational TMS or direct cortical
stimulation, may establish more precise hotspot patterns for important lower limb muscles.

5. Conclusions

In summary, we report the x-y coordinates from the vertex for the optimal site of stimulation
for the TA muscle as follows; non-lesioned hemisphere: 1.29 cm lateral and 0.55 cm
posterior; lesioned hemisphere: 1.25 cm lateral and 0.5 cm posterior; and healthy brain: 1.6
cm lateral and 0.8 cm posterior. We observed different spatial patterns of their somatotopic
localizations in the healthy and post stroke brain. Our study attempts to provide a guideline
for optimal stimulation locations for the TA muscle in healthy and post stroke individuals.
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HIGHLIGHTS
. We report the tibialis anterior hotspot loci obtained with TMS.
. The hotspot loci were posterior and lateral to the vertex in our
participants.
. The loci showed more spatial clustering in healthy individuals

compared to stroke.
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Fig. 1.
Moran’s | and autocorrelation.

The three figures schematically depict patterns in spatial data: positive autocorrelation,
Moran’s | = 1 (/eff); no spatial autocorrelation, Moran’s | = 0 (center); and negative
autocorrelation, Moran’s | = =1 (righ?). Moran’s | below 0 depicts a dispersed pattern of
hotspot loci and Moran’s | above 0 depicts a clustered pattern of hotspot loci.
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Fig. 2.
Hotspot loci in stroke and healthy participants. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

The top panel (A—C) provides a visual depiction of the hotspot loci on a rendered brain
image. The bottom panel (D—F) is an enlarged graphical representation of the anatomical
measurements of the hotspots from the vertex (0, 0). Figure A represents the non-lesioned
hemisphere (blue circles) of stroke patients. Figure B represents the lesioned hemisphere
(red squares) of stroke patients. Figure C represents the non-dominant hemisphere (green
triangles) of healthy participants. The black squares in each figure represent the mean loci of
that hemisphere.
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Table 1

Demographic characteristics of participants with stroke.

Type of stroke Ischemic (n = 40)

Hemorrhagic (n = 2)
Time since stroke (years) 44+32
Age at the time of lesion (years) 55.3+7.3
FMA-LE 21.3+4.1
Gait speed (m/s) 0.7+0.2

All values are represented as mean + standard deviation. FMA-LE = Fugl-Meyer Motor Assessment scores of the paretic lower extremity
(maximum score = 34). Self-selected gait speeds were measured with the 10-m Walk Test.
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Table 2

Descriptive data of the hotspot loci.

Variable Observations Mean (cm) SD(cm) Min. (cm) Max. (cm)

Non-lesioned hemisphere

X Nees 42 1.29 0.57 0 2.5

Y wees 42 -0.55 0.77 -2.6 0.9

Lesioned hemisphere

X Les 42 1.25 0.53 0 2.6

Y Les 42 -0.50 0.82 -2.2 11

Healthy

Xy 32 1.65 0.65 0.5 3

Yy 32 -0.77 1.36 -3 15

SD = standard deviation, Min. = minimum value, Max. = maximum value XNLes, YNLes, XLes, YLes, XH, YH represent the X and Y

Page 15

coordinates in the non-lesioned hemisphere, lesioned hemisphere of stroke participants, and non-dominant hemisphere in healthy participants

respectively.
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