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Abbreviations
1
 22 

                                            

1 ECR, extensor carpi radialis; ECS, epidural cortical stimulation; EDC, extensor digitorum communis; ICC, intraclass 

correlation coefficient; ICMS, intracortical microstimulation; IQR, interquartile range; MEPs, motor evoked potentials; 

ML, maximum likelihood; MSO, maximum stimulator output; µECoG; micro-electrocorticography; MT, motor 

threshold; PEDOT-CNT, poly-(3,4-ethylene-dioxythiophene) and carbon nanotubes; TB, triceps brachii    
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Abstract 23 

Objective. Motor map has been widely used as an indicator of motor skills and learning, cortical 24 

injury, plasticity, and functional recovery. Cortical stimulation mapping using epidural electrodes is 25 

recently adopted for animal studies. However, several technical limitations still remain. Test-retest 26 

reliability of epidural cortical stimulation (ECS) mapping has not been examined in detail. Many 27 

previous studies defined evoked movements and motor thresholds by visual inspection, and thus, 28 

lacked quantitative measurements. A reliable and quantitative motor map is important to elucidate 29 

the mechanisms of motor cortical reorganization. The objective of the current study was to perform 30 

reliable ECS mapping of motor representations based on the motor thresholds, which were 31 

stochastically estimated by motor evoked potentials and chronically implanted micro-32 

electrocorticographical (µECoG) electrode arrays, in common marmosets.  33 

Approach. ECS was applied using the implanted µECoG electrode arrays in three adult common 34 

marmosets under awake conditions. Motor evoked potentials were recorded through 35 

electromyographical electrodes implanted in upper limb muscles. The motor threshold was 36 

calculated through a modified maximum likelihood threshold-hunting algorithm fitted with the 37 

recorded data from marmosets. Further, a computer simulation confirmed reliability of the algorithm.  38 

Main results. Computer simulation suggested that the modified maximum likelihood threshold-39 

hunting algorithm enabled to estimate motor threshold with acceptable precision. In vivo ECS 40 

mapping showed high test-retest reliability with respect to the excitability and location of the cortical 41 

forelimb motor representations.  42 

Significance. Using implanted µECoG electrode arrays and a modified motor threshold-hunting 43 

algorithm, we were able to achieve reliable motor mapping in common marmosets with the ECS 44 

system.  45 

 46 

Keywords: cortical stimulation mapping, ECoG, motor representation, adaptive threshold hunting, 47 
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motor threshold, test-retest reliability 48 

 49 

1. Introduction 50 

The motor map, i.e., the topographical representation of body movement obtained using intracortical 51 

microstimulation (ICMS) over the primary motor cortex, has been widely used as a sensitive 52 

indicator of motor skill, learning, and experience, cortical injury and plasticity, and functional 53 

recovery (Schieber, 2001; Monfils et al., 2005). The acquisition of motor skill expands the motor 54 

map for forelimb movement, which continues to progress as training progresses and reverses once 55 

training stops (Nudo et al., 1996; Kleim et al., 1998). The expansion of the motor map has also been 56 

demonstrated during the functional recovery from sensorimotor disorders, such as stroke and spinal 57 

cord injury (Nudo et al., 1996; Raineteau and Schwab, 2001). 58 

However, motor mapping using ICMS has some intrinsic technical limitations. These 59 

include the long experimental procedure, which is at risk of the confounding effect of time, and the 60 

inconsistencies in the positioning of the inserted electrode during repeated mapping. Further, the 61 

penetrations of the electrode can damage the cortex, causing network dysfunction (Rousche and 62 

Normann, 1998; Fernández et al., 2014). Cortical stimulation mapping with epidural electrode arrays 63 

has been recently adopted for some animal studies instead of ICMS (Molina-Luna et al., 2007; 2008; 64 

Takemi et al., 2017). However, there are also some technical limitations to this approach. The test-65 

retest reliability of epidural cortical stimulation (ECS) mapping has not been examined in detail. The 66 

experimental procedure for the long-term evaluation of motor cortical plasticity has not been 67 

developed yet. Moreover, many studies have used visual inspection of movement to define the motor 68 

threshold (MT), which is an index to compose the motor map; this implies a lack of quantitative 69 

measurements. A reliable and quantitative epidural motor map is required to better elucidate the 70 

mechanisms of the reorganization of the motor cortex during motor learning or functional recovery 71 

after neurological deficit. 72 
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The goal of the present study was to perform ECS mapping of motor representation based 73 

on the MT, which was stochastically estimated using motor evoked potentials (MEPs). We 74 

empirically validated the ECS mapping in adult common marmosets (Callithrix jacchus), a small 75 

New World monkey. Marmosets have a relatively small body size, are easy to handle, and are 76 

characterized by fast sexual maturation, with the added advantage of providing unique behavioral 77 

and cognitive characteristics (Okano et al., 2012) that satisfy the requirement for preclinical animal 78 

studies. Several experimental techniques employed in rodents, such as motor function test (Takemi et 79 

al., 2014), calcium imaging (Sadakane et al., 2015), and optogenetics (MacDougall et al., 2016), can 80 

be used, either directly or after a slight modification, in these small-bodied primates. The nearly 81 

lissencephalic cortex allows easy access to the sensorimotor cortex for the electrophysiological 82 

assessment using an array of surface electrodes (Huffman and Krubitzer, 2001). Unlike rodents, 83 

however, marmosets have a well-developed frontal cortex and, like humans, show clear separation of 84 

the primary motor cortex from the somatosensory cortex (Burman et al., 2008). In the present study, 85 

micro-electrocorticographical (µECoG) electrode arrays were chronically implanted over the 86 

sensorimotor cortex, while electromyographical (EMG) electrodes were inserted into upper limb 87 

muscles to detect twitches. The stochastic threshold estimation algorithm was validated in vivo 88 

electrophysiology experiments fitted with the recorded data from marmosets. Further, reliability of 89 

the algorithm was additionally confirmed by an in silico computer simulation. The current study 90 

enabled us to understand the basic properties of functional motor representations in the common 91 

marmoset, which could then be extended to phylogenetically higher species as well. 92 

 93 

2. Material and Methods 94 

2.1. Animals 95 

Three adult male common marmosets (Callithrix jacchus; MK1, 358 g; MK2, 356 g; MK3, 380 g) 96 

were used in the present study. MK1 and MK2 were shared with a study that tested grasping-related 97 
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cortical activities (Tia et al., 2017) but the grasping experiments were conducted after data 98 

acquisition for this study was accomplished. All procedures were performed in accordance with the 99 

Laboratory Animal Welfare Act and The Guide for the Care and Use of Laboratory Animals 100 

(National Institutes of Health, Bethesda, MD) and were approved by the Institutional Animal 101 

Research Committee at RIKEN (IRB approval number H24-2-228). 102 

 103 

2.2. Electrode array 104 

We implanted µECoG electrode arrays that were coated with a nanocomposite of poly-(3,4-ethylene-105 

dioxythiophene) and carbon nanotubes (PEDOT-CNT) and encapsulated by fibrin hydrogel 106 

(Castagnola et al., 2013; 2014). The use of nanomaterial coatings reduced electrode impedance and 107 

increased charge injection capacity. µECoG electrode arrays used in the current study were custom-108 

made (6.8 × 8.0 mm; Fig. 1A). The size was defined enough to cover the upper limb area of the 109 

sensorimotor cortex in marmosets (Burish et al., 2008; Burman et al., 2008; Kondo et al., 2015). The 110 

arrays had 64 channel electrodes, each of which had a diameter of 0.1 mm. The distance between 111 

each electrode was 0.9 mm and 0.7 mm, in the mediolateral and anteroposterior directions, 112 

respectively. They also had four stimulation ground contacts (diameter, 0.5 mm).  113 

  114 
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 115 

Figure 1. (A) Micro-electrocorticographical (µECoG) electrode arrays were coated with a 116 

nanocomposite of poly-(3,4-ethylene-dioxythiophene) and carbon nanotubes (PEDOT-CNT) and 117 

encapsulated by fibrin hydrogel. The arrays had 64 channel electrodes and 4 stimulation grounds. (B) 118 

Schematic drawing of implantation of electromyographical electrodes and µECoG electrode arrays. 119 

Red lines represent multi-stranded stainless steel wires implanted subcutaneously in the target 120 

muscles. The arrays were placed in the chamber and the inside of the chamber was filled with 121 

silicone polymer.  122 

  123 
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2.3. Surgical procedure of µECoG and EMG electrode implantation 124 

Implantation of µECoG electrode arrays and EMG wire electrodes were performed on different days 125 

under anesthesia. Anesthesia was induced by an intraperitoneal injection of 126 

medetomidine/midazolam/butorphanol (0.05, 0.5, and 0.5 mg/kg, respectively). Atropine 127 

(0.10 mg/kg) and prednisolone (0.15 mg/kg) were intramuscularly injected immediately after the 128 

anesthesia. During the surgery, anesthesia was maintained by inhalation of 1.5–2.5% isoflurane and 129 

the oxygen saturation level was continuously monitored. 130 

For implantation of µECoG electrode arrays, a craniotomy of 9 × 5 mm (coordinates 131 

relative to Bregma as follows: 0–9 mm anterior and 2–7 mm lateral) was performed in the left 132 

hemisphere, ensuring that the dura mater was maintained intact. The µECoG electrode arrays were 133 

implanted between the dura and skull. The arrays were laid onto the dura using a micromanipulator. 134 

A piece of artificial dura mater was then applied between the arrays and the skull. The head chamber 135 

was made of Ultem, which is a polyetherimide polymer characterized by high dielectric, solvent 136 

resistance, and mechanical properties. The chamber was attached to the skull with stainless steel 137 

screws and dental acrylic, to hold the electrode connectors. The inside of the chamber was filled with 138 

silicone polymer (Kwik-Cast, World Precision Instruments, Sarasota, FL; Fig. 1B). 139 

The protocol to implant EMG wire electrodes was based on previous studies (Park et al., 140 

2000; Hudson et al., 2010). Briefly, pairs of multi-stranded stainless steel wires (AS634, Cooner 141 

Wire, Chatsworth, CA) were implanted subcutaneously in the following target muscles of the right 142 

upper limb: deltoid, triceps brachii (TB), biceps brachii (only one marmoset), extensor carpi radialis 143 

(ECR), flexor carpi radialis (only one marmoset), extensor digitorum communis (EDC), and flexor 144 

digitorum superficialis. The location of each muscle was identified by its anatomical features and the 145 

movements elicited by trains of low-intensity electrical stimulation. Two electrodes, spaced 5 mm 146 

apart, were implanted in each muscle. 147 

 148 
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2.4. Cortical stimulation 149 

Stimulus current was generated by the isolator output (SS-203J; Nihon Kohden, Tokyo, Japan) and 150 

controlled from the analog output module (NI PCIe-6321; National Instruments, Austin, TX). In the 151 

present study, the stimulus was composed of five 250-µs biphasic cathodal and anodal pulses 152 

delivered at 1,000 Hz with a maximum stimulator output (MSO) of 1.0 mA. The pulse repetition rate 153 

at 1,000 Hz (1 ms interpulse interval) is much higher than the period of re-polarization after neuronal 154 

discharge. However, it was considered that increasing the stimulation frequency for increasing the 155 

number of pulses might efficiently activate pyramidal cells even though the pulse repetition was 156 

more than the rate of re-polarization. 157 

 The EMG signals were band-pass filtered (1–2,000 Hz with 2nd order Butterworth) and 158 

digitized at 4,800 Hz using an amplifier (g.USBamp; g.tec medical engineering GmbH, Graz, 159 

Austria). During cortical stimulation, marmosets held onto the pole and were kept awake and resting. 160 

The animals were wearing jacket and the jacket was fixed with the pole and the limbs also touched 161 

the pole. We set the permissible background EMG amplitude to continue cortical stimulation 162 

mapping to be at 50 µV. If the peak-to-peak amplitude of deltoid, TB, ECR, or EDC muscles 163 

exceeded 50 µV within last 80 ms, it was deemed that voluntary muscle activity had occurred and 164 

the stimulation was automatically stopped until termination of voluntary muscle activity. MEP 165 

amplitudes were calculated online and the next stimulation intensity was then selected using an in-166 

house developed algorithm (see next section), which was written with MATLAB 2013a (MathWorks, 167 

Natick, MA). The stimulation channel was also selected randomly out of 64 channels at every trial. 168 

These processes were repeated until the MT of all µECoG channels was determined. 169 

 170 

2.5. Motor threshold estimation 171 

2.5.1. Algorithm for motor threshold estimation 172 

The MT was generally defined as a stimulus intensity at which a significant MEP can be obtained 173 
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with a probability of 50% (Rossini et al., 1994). In the current study, we determined the MT using 174 

the Maximum Likelihood (ML) threshold-hunting approach (Awiszus, 2003), which is summarized 175 

below. The MT was estimated based on fitting the cumulative Gaussian distribution on the measured 176 

probability of MEPs with different stimulation intensities.  177 

The probability, p, to obtain a significant MEP at a particular stimulus intensity, m, was 178 

modeled by a cumulative Gaussian as follows: 179 

p(m, t, s) =
1

s 2π
e

(τ−t )
2

2s
2

−∞

m

∫ dτ  180 

where t is the “threshold” corresponding to the stimulus intensity at which p = 0.5, and s is the 181 

“threshold spread” corresponding to the extra amount of stimulus intensity required to increase the p 182 

from 0.5 to 0.84. The log-likelihood function, L, after n stimuli were applied was calculated as 183 

follows: 184 

L(t, s) = ln(1− p(msi, t, s))+ ln(p(mfi, t, s))
i=1

k

∑
i=1

j

∑  185 

where ms and mf were the stimulus intensities that succeeded or fail to obtain MEP, respectively, and 186 

j and k were the numbers of stimuli corresponding to ms and mf, respectively (where j + k = n). The 187 

values of t and s that maximized L were identified. The stimulation intensity for the subsequent 188 

stimulus was then automatically set that maximized L(m, 0.07m). The threshold spread parameter, 189 

which was here defined as 7% of the underlying threshold, was also tested in our experimental 190 

condition using pre-measured MEP data. ECS was applied to two different µECoG channels at 10 191 

different stimulus intensities. At each intensity, 10 MEPs were recorded from the deltoid and EDC 192 

muscles. The probabilities to obtain significant MEPs were calculated and fitted to a cumulative 193 

Gaussian distribution (Fig. 2C).  194 

 195 

2.5.2. Modification of the threshold estimation procedures and its test of feasibility by Monte-Carlo 196 

simulation 197 
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Since the ML regression algorithm estimates the refined MT, with a smaller number of stimuli 198 

(Mishory et al., 2004), it results in less robust estimate under considerable background EMG activity 199 

(Qi et al., 2011). Modification of the ML threshold-hunting algorithm makes it useful for animal 200 

experiments, because awake animals are difficult to maintain at rest, especially after strong 201 

stimulations that induce large body movement. Thus, we modified the algorithm using the three 202 

following directions: (1) changing the setting rule of the next stimulus intensity, (2) reducing the 203 

number of prior samples of MEP results for threshold estimation, and (3) changing the stopping 204 

criterion for threshold estimation. Thus, the modified ML threshold-hunting algorithm had five steps 205 

as outlined below.  206 

STEP 1: Two “pseudo responses” (no MEP at 15% and significant MEP at 105% of MSO) was set to 207 

identify the interval within which the threshold hunting procedure was conducted and to determine 208 

the initial stimulus intensity. The initial stimulus intensity, m1, which maximized L was identified 209 

(m1, 0.07m1). This was set to 35% of MSO. 210 

STEP 2: A stimulus was applied. Peak-to-peak MEP amplitude of a target muscle in a period of 10–211 

20 ms after the stimulus was calculated to determine whether it exceeded the predetermined 212 

threshold (60 µV). We set the threshold of MEP at 1.2 times higher than the permissible background 213 

EMG amplitude in order to minimize false positive MEP detection. 214 

STEP 3: The estimated MT was calculated. L(t, 0.07t) was maximized with the given number of 215 

prior samples of MEP results. 216 

STEP 4: The next stimulus intensity, mn+1, was calculated as follows. The ideal next stimulus 217 

intensity, M, which maximized L(M, 0.07M) was first calculated. Next, if the M was larger than the 218 

previous stimulus, mn, by 10% of MSO, then mn+1 was set to mn+10% MSO. If the MEP did not 219 

exceed the predetermined threshold for the last four stimuli, then mn+1 was also set to mn+10% MSO. 220 

Finally, if all the above conditions were false, then mn+1 was set to M. 221 

STEP 5: STEPS 2, 3, and 4 were executed until a given number of stimuli was applied. The 222 
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stimulation was then stopped and the MT that maximized L(t, 0.07t) was determined. 223 

 224 

The number of prior samples used for threshold estimation and the number of stimuli 225 

required to stop the threshold estimation procedure were determined using a Monte-Carlo simulation. 226 

First, two uniform random numbers, r1 and r2, were generated in the interval (0, 1). The quantity r1 227 

stood for the simulated MEP. If p(m, t, s) was smaller than r1, the simulated response was classified 228 

as a success; if it was larger or equal to r1, it was classified as a failure. The quantity t was set within 229 

the ordinary experimental ranges (from 25–95% MSO). The quantity, r2, stood for the simulated 230 

muscle activity that was not induced by stimulation. If r2 was smaller than a given number, r, (here 231 

defined as 0.1), the simulated MEP was classified as “pseudo” MEP, irrespective of the r1 value. The 232 

probability of pseudo-MEP occurrence was determined using EMG data measured from the four 233 

upper limb muscles (i.e., deltoid, TB, ECR, and EDC). The data consisted of 50 trials of EMG data 234 

time-locked to the stimulation, which was applied for each of the 21 µECoG electrodes, where the 235 

MEP was never induced by the stimulation at 100% MSO. We visually determined the pseudo MEP 236 

and calculated the probability of pseudo-MEP occurrence for each electrode and each muscle. The 237 

95
th

 percentile of the probability was extracted from 84 samples (21 µECoG channel × four upper 238 

limb muscles) for defining the given number, r (Fig. 2A and B).  239 

A total of 50 simulated responses were generated to evaluate the following two types of 240 

threshold-estimation procedures: (1) modified ML threshold-hunting algorithm, which uses 8 to 18 241 

responses prior to the current response, and (2) the conventional ML hunting, which takes all 242 

previous responses into account. Each of the threshold estimation procedures was repeated 10,000 243 

times. For each estimated threshold value, te, the error value e was calculated as e =|t–te|. The 95% 244 

error limit obtained as the 95
th

 percentile of the 10,000 error values was evaluated for each threshold 245 

estimation procedure. 246 

 247 
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2.6. Test-retest reliability of motor map measurements 248 

The reliability of the maps was assessed using intraclass correlation coefficients (ICCs). The ICC 249 

assesses the within-day or between-day variability (values range from 0 to 1), where values ≥ 0.80 250 

are considered reliable (Landis and Koch, 1977; Shrout and Fleiss, 1979; McGraw and Wong, 1996). 251 

We calculated the ICC of four different types of motor map indices, which have been used in human 252 

transcranial magnetic stimulation studies in order to evaluate cortical excitability, location of the 253 

hotspot (i.e., the electrode position where the lowest MT was observed), and the relationship of the 254 

cortical forelimb motor representations between each muscle as follows: (1) minimum MT, (2) map 255 

area, (3) normalized map volume, and (4) overlapping area (Wolf et al., 2004; Ngomo et al., 2012; 256 

van de Ruit et al., 2015). The map area was calculated as the number of electrodes in which the MT 257 

was lower than a certain value, which ranged between 65% and 95% MSO with 10% MSO steps. 258 

The normalized map volume was calculated by the sum of MTs (≤ 65% MSO), normalized to the 259 

minimum MT. The overlapping area was the number of the active electrodes (MT ≤ 65% MSO) in 260 

both the deltoid and EDC muscles. We chose a 65% MSO as the maximum MT used for calculation 261 

of the normalized map volume and the overlapping area, since the ICC(1,1) and ICC(2,1), which 262 

reflected intra-day reliability and between-days reliability, respectively, always exceeded 0.80 if the 263 

electrodes with MTs below 65% MSO were used for the calculation.  264 

 265 

3. Results 266 

3.1. Threshold property 267 

Figure 2A shows typical examples of a significant MEP and a pseudo MEP. The significant MEP 268 

exceeded the predetermined amplitude within a certain period of time after stimulation. A pseudo 269 

MEP generally showed spiky muscle activity that was not induced by stimulation and was 270 

indistinguishable from a significant MEP in terms of its shape and amplitude. Even if the stimulation 271 

stopped while voluntary muscle activity was being observed, the spiky muscle activity still occurred. 272 

Page 13 of 34 AUTHOR SUBMITTED MANUSCRIPT - JNE-101930.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



14 

Therefore, the spiky muscle activity caused a false positive increase of the probability of MEP 273 

occurrence. The 95
th

 percentile of probabilities of pseudo-MEP occurrences was 10% (Fig. 2B). 274 

According to this result, the probability of pseudo MEP in the Monte-Carlo simulations was set to 275 

0.1. 276 

  277 
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 278 

Figure 2. (A) Typical examples of a significant motor evoked potential (MEP) and pseudo MEP. The 279 

significant MEP exceeded the predetermined amplitude (60 µV) after stimulation. The pseudo MEP 280 

generally showed spiky muscle activity, which was not induced by stimulation. Black bars below 281 

MEP waveforms represented a period of stimulation. (B) Histogram of the probabilities of pseudo 282 

MEP occurrence. (C) Cumulative Gaussian distribution of the probability in obtaining significant 283 

MEPs. The results of the curve fittings are shown with open circles, filled circles, and open squares. 284 

Circle symbols represented values derived from the extensor digitorum communis (EDC) responses. 285 

Open circles and filled circles indicated results from different stimulation channels. Square symbols 286 

represented values derived from the deltoid muscle response. 287 

  288 
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The measured probabilities to obtain significant MEPs were well fitted to a cumulative 289 

Gaussian distribution (Fig. 2C). Circle symbols represented values obtained from the EDC. 290 

Thresholds were 55.7% and 65.0% MSO, while threshold spreads were 4.8% and 5.0% MSO. Square 291 

symbols represented values obtained from the deltoid. The threshold was 77.1% and the threshold 292 

spread was 6.7% MSO. The relative threshold spreads of these data were 8.6%, 7.8%, and 8.7% 293 

MSO. We then confirmed that the motor thresholds derived using 7% and 8% MSO as relative 294 

threshold spread were almost identical (Supplementary Fig. 1). Thus, we intended to develop the 295 

threshold-hunting algorithm for marmosets using a relative threshold spread of 7%, which was 296 

consistent with humans (Awiszus, 2003), enabling broad application. 297 

 298 

3.2. In silico: Monte-Carlo simulations 299 

Monte-Carlo simulations were performed to determine the number of samples and number of stimuli 300 

required for accurately estimating the MT. The results of simulation at three different thresholds are 301 

shown in Fig. 3. When all prior samples were used for threshold estimation, the error limits became 302 

larger, especially when the true threshold was high. In the simulation with the true threshold at 45% 303 

MSO (Fig. 3A), the error limits fell below ±6.5% MSO with many numbers of prior samples when 304 

more than 19 stimuli were applied. The simulations of true thresholds at 65% and 85% MSO showed 305 

error limits remaining high and did not fall below ±6.5% MSO when the number of prior samples 306 

was less than 12 (Fig. 3B and C). Therefore, we set the optimal number of samples for threshold 307 

estimation to 12 and the optimal number of stimuli to 20. Figure 4A shows the stopping error by 308 

using these parameters. The results demonstrated that although the MT tended to be underestimated, 309 

the interquartile range (IQR) of the stopping errors was less than ±5% MSO. Moreover, the lowest 310 

estimated threshold within 1.5×IQR of the lower quartile was smaller than 6.5% MSO below the true 311 

threshold, when the true threshold was 25–65% MSO.  312 

  313 
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 314 

Figure 3. Relationship between the estimated error limits and stimulus number. Monte-Carlo 315 

simulations were performed on true thresholds set to (A) 45%, (B) 65%, and (C) 85% of maximum 316 

stimulator output (MSO). Each colored line represents the result of using different numbers of prior 317 

samples in the threshold hunting procedure.  318 

  319 
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 320 

Figure 4. Assessment of the reliability of the modified maximum likelihood (ML) threshold hunting 321 

algorithm (A) in silico and (B) in vivo. (A) Stopping error in the modified ML threshold-hunting 322 

algorithm estimated by the Monte-Carlo simulation that repeated 10,000 times. The number of 323 

samples used for threshold estimation was set to 12 and the number of stimuli was set to 20. Box 324 

plots indicate the median (black line in the box), interquartile range (IQR; gray box) and the lowest 325 

and highest data within 1.5 IQR of the lower and upper quartile, respectively (error bars). (B) 326 

Stability of the motor map over time. The maps of deltoid muscle of a single marmoset (MK1) are 327 

shown. The geometry of the motor map remained stable across two sessions. Intraclass correlation 328 

coefficient (ICC) of the map area was calculated as a number of electrodes of which the motor 329 
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thresholds were less than a certain value (65–95% of MSO with a step-size of 10% MSO). ICC(1,1) 330 

and ICC(2,1) reflect the test-retest reliability within and between sessions, respectively. Black dots 331 

indicate the position of the stimulus electrodes. Black crosses indicate the hotspot (an electrode 332 

position where the lowest motor threshold was observed). 333 

  334 
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3.3. In vivo: motor mappings 335 

Implantation of µECoG and EMG electrodes, cortical stimulation, and motor mapping were 336 

successfully performed in all three marmosets. MTs were also successfully determined for all 337 

channels and for all muscles, but here we only showed the motor maps of the deltoid and EDC, 338 

which are the most proximal and the most distal muscles in the present study, respectively, to avoid 339 

confusion. Both within- and between-session test-retest reliability of the motor maps were assessed. 340 

A single session consisted of four ECS mappings performed within one day, with two repeated 341 

sessions after an interval of 3-4 days. The first session was performed at least 2 weeks after the 342 

µECoG array implantation. 343 

The ICC of the map area was calculated using the electrodes, in which the MTs were less 344 

than 65%, 75%, 85%, and 95% MSO. We found that both good within- and between-session 345 

reliability (ICC ≥ 0.80) were observed if the electrodes with a MT that was less than 65% MSO were 346 

used for the map area calculation (Fig. 4B). These results were consistent across different forelimb 347 

muscles, so we decided to use electrodes with a MT less than 65% MSO for further comparison and 348 

evaluation of ICC across types of the motor map indices. 349 

The ICC(1,1), which reflected the within-session test-retest reliability, indicated that the 350 

map area and normalized map volume were reliable for both deltoid and EDC muscles. The 351 

minimum MT of the EDC muscle was also reliable, but that of the deltoid muscle slightly varied 352 

within sessions. The overlapping area was not reliable within session 1 and 2. Between the two 353 

sessions, all the motor map indices were reliable, which suggested that the hotspot and geometry of 354 

motor maps were stable between days (Fig. 4B). These results are summarized in Table 1. Figure 5 355 

shows the average forelimb motor maps in a single marmoset (MK1). We obtained the different 356 

topographic profiles of the MTs over the channels for the two forelimb muscles simultaneously. 357 

These maps were partially overlapped (overlapping area: 58±11%). The hotspot was different 358 

between deltoid and EDC muscles. Although not quantitatively demonstrated, there appeared to be a 359 
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trend in the relative positions of deltoid and EDC, with the hotspot of deltoid motor map located 360 

anterior to that of the EDC motor map. The motor maps in the other marmosets are shown in 361 

Supplementary Fig. 2. 362 

 363 

Table 1 364 

Reliability of the motor map measurements within and between sessions.  365 

 Mean ± SD ICC(1,1): within-session ICC(2,1):  

between-session  Session 1 Session 2  Session 1 Session 2 

Minimum MT (deltoid) [% MSO] 36±10 39±10 0.80 0.79 0.89 

Minimum MT (EDC) [% MSO] 39±14 39±13 0.93 0.88 0.99 

      

Map area (deltoid) 13±4 11±8 0.83 0.83 0.85 

Map area (EDC) 13±9 11±10 0.96 0.96 0.98 

      

Normalized map volume (deltoid) 27.8±13.4 21.3±18.4 0.91 0.87 0.89 

Normalized map volume (EDC) 29.0±31.3 25.1±30.0 0.97 0.96 0.99 

      

Overlapping area (%) 37±22 47±16 0.76 0.51 0.86 

EDC, extensor digitorum communis; ICC, intraclass correlation coefficient; MSO, maximum 366 

stimulator output; MT, motor threshold; SD, standard deviation 367 

  368 
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 369 

Figure 5. Averaged motor maps of the two forelimb muscles. Estimated motor thresholds were used 370 

as the index of motor representation and spatially interpolated. Black dots indicate the position of the 371 

stimulus electrodes. Black crosses indicate the hotspot.  372 

  373 
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4. Discussion 374 

In the current work we succeeded in developing a novel method for mapping motor representations 375 

in common marmosets, based on a MT that was stochastically estimated using the ML method. 376 

Implantation of the EMG electrodes and µECoG electrode arrays allowed repeated mapping of the 377 

same cortical areas. Modification of the ML threshold-hunting algorithm enabled us to estimate MTs, 378 

with acceptable precision both in silico and in vivo. ECS mapping showed high reliability with 379 

respect to the between-day cortical excitability and both within- and between-day location of the 380 

cortical forelimb motor representation. 381 

 382 

4.1. Feasibility of the modified threshold-estimation procedures 383 

Several computer simulation studies showed that ML hunting algorithm estimated the MT faster and 384 

more precisely than other conventional threshold-determining methods. Recently, ML hunting has 385 

also been widely used in human preclinical studies (Awiszus, 2003; Borckardt et al., 2006; Qi et al., 386 

2011). In the present study, we revisited the original ML algorithm, since animals cannot stay at rest 387 

for a long time, which increases false positive detection. Our simulation results demonstrated that the 388 

modified threshold estimation algorithm allowed an acceptable MT to be determined in animal 389 

models. However, it should be also noted that our algorithm cannot reach the same level of accuracy 390 

as the original ML threshold-hunting approach (Awiszus, 2011), unless a pseudo MEP is 391 

distinguished from a stimulus-induced MEP automatically. 392 

The original ML regression algorithm was designed with the assumption that all inputs 393 

were reliable (Pentland, 1980), which is hardly the case for animal experiments. In order to 394 

counteract false observations, such as pseudo MEP, our method restricted the number of prior MEPs 395 

used for updating the next stimulus intensity and the step size used to shift the intensity. According to 396 

the simulation results, 12 prior MEPs were suggested as allowing an appropriate balance between the 397 

number of stimuli and accurate threshold estimation. In-vivo mapping experiments further provided 398 
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evidence that a MT lower than 65% MSO was reliable when 20 stimuli were applied. One may try to 399 

estimate MT with less than 20 stimuli due to difficulties, such as an animal has not been well trained 400 

to maintain at rest, but this will increase a difference between the true threshold and estimated 401 

threshold (Fig. 3). The trade-off between the estimation accuracy and the number of stimuli must be 402 

taken with caution. Considering the stochastic nature of the ML algorithm, a case with a lower true 403 

threshold was less affected by pseudo MEPs. Mathematically, an MEP with a stimulus intensity that 404 

is lower than the true threshold is highly likely to be a false positive, since a significant MEP is less 405 

likely to be provoked. This means that a higher true threshold was higher is more likely to result in a 406 

pseudo MEP, resulting in a less accurate estimation.  407 

In the ML hunting procedure with the initial setting of no MEP at 15% and significant 408 

MEP at 105% MSO, the first stimulus intensity was fixed at 35% MSO. If an MEP was not obtained 409 

with the first stimulus, the second intensity was set to 45% due to the step size restriction to shift the 410 

intensity. If an MEP was also not obtained with the second stimulus, the third intensity was set to 411 

55%. Again, these initial results are likely to be false positives, since an MEP with a relatively low 412 

intensity compared to a true threshold is more likely to be a pseudo MEP. Restricting the number of 413 

prior MEPs avoids usage of these false positive data, which subsequently ensures that the estimated 414 

threshold is close to the true value. Furthermore, without this restriction, if pseudo MEPs occur 415 

during initial stimulation, it is challenging to reach high stimulus intensity in subsequent estimations 416 

when using the original ML algorithm.  417 

 418 

4.2. Map reliability 419 

Our results showed high test-retest reliability of motor map measurements. For example, the ICC of 420 

the map area and normalized map volume, which reflect size consistency of the cortical motor map, 421 

showed excellent reliability both within- and between-days regardless of the muscle that was 422 

analyzed. In addition, the minimum MT, an index of the cortical excitability, was stable between 423 

sessions in both the deltoid and EDC muscles. These results corroborated with previous transcranial 424 
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magnetic stimulation studies that reported good reliability of MT in humans (Carroll et al., 2001; 425 

Malcolm et al., 2006; Ngomo et al., 2012) and animals (Amaya et al., 2010). Our results also 426 

suggested that the within-session reliability of the minimum MT was more variable for the proximal 427 

muscle compared to the distal muscle. We presumed that this was caused by differences in the trial-428 

to-trial MEP variability, as proximal muscles showed more variable MEP responses, in comparison 429 

with distal muscles (Brasil-Neto et al., 1992). It must be noted that the location of forelimb cortical 430 

representation identified by our method was consistent with previous cytoarchitectural and 431 

electrophysiological studies investigating the motor areas in the marmoset cortex (Burish et al., 432 

2008; Burman et al., 2008).  433 

The map area did not show good reliability when it was calculated using the electrodes in 434 

which the MT was above 65% MSO. Thus, the estimated threshold was less consistent with higher 435 

stimulus intensities. This is in line with the result of our Monte-Carlo simulation indicating that a 436 

larger threshold resulted in greater error limits. In particular, the lowest error of the estimated 437 

threshold within 1.5×IQR of the lower quartile became smaller than 5% MSO below true threshold, 438 

if the true thresholds were higher than 65% MSO. Considering that MEP variability increases as the 439 

stimulation site becomes more distant from the hotspot (Brasil-Neto et al., 1992), muscle responses 440 

to cortical stimulation at the sites in which the estimated MTs exceeded 65% MSO might be 441 

unstable. This could be another cause for lower test-retest reliability of the map area calculated using 442 

the electrodes with the MTs above 65% MSO.  443 

The results described here were assessed across two sessions separated by 3–4 days. Yet, 444 

long-term reliability of ECS mapping is still unclear. Effect of time on the growth of dura in response 445 

to the array implantation in marmosets needs to be studied for long-term stimulation mapping 446 

procedure. A previous study reported that electrode impedance increased due to the tissue reaction 447 

from few days and up to a maximum of 1 week after the initial implantation of Michigan silicon 448 

microelectrodes covered with PEDOT films (Ludwig et al. 2006). We started the stimulation 449 

mapping experiments more than 1 week after the implantation surgery, so impedance changes due to 450 
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tissue reaction should have already stabilized.  451 

 452 

4.3. Advantages and limitation of epidural cortical stimulation mapping 453 

One advantage of our mapping system is that it is capable of characterizing the motor cortex in 454 

awake animals. Since anesthesia induces significant changes of amplitude and latency of MEPs 455 

(Chiba et al., 1998; Zandieh et al., 2003), it is desirable to avoid animals being anesthetized. Our 456 

mapping system reduced the duration required to create motor maps to less than 10 min. This may be 457 

a reason why our mapping was successful in awake animals who are difficult to keep at rest for a 458 

longer period of time.  459 

The other advantage of this approach was the low invasiveness. According to a previous 460 

histological study performed after ECS, no cortical damage or motor deficits were observed in the 461 

animals even after repeated stimulations (Molina-Luna et al., 2007). In the current study, no motor 462 

deficits were observed in any of the animals as well. In addition, our results suggest that electrode 463 

positioning between repeated mapping sessions remained consistent. These are fundamental 464 

prerequisites for the longitudinal evaluation of motor cortical plasticity after motor learning or 465 

functional recovery after sensorimotor disorders. 466 

One technical limitation of stimulating epidurally is the current spread. The resolution of 467 

epidural current spread in marmosets is not known. However, the dura of marmosets is thin 468 

compared to humans and macaque monkeys (Bourne and Rosa, 2003; Lui et al., 2014) and similar to 469 

those in rats, where the resolution of epidural and subdural current spread is almost identical (Slutzky 470 

et al., 2010). We therefore presumed that motor mapping with epidural stimulation in marmosets 471 

could be almost identical to the subdural stimulation. Because of the same reason, a distance between 472 

electrodes was designed in concordance with a previous study investigating the optimal spacing for 473 

epidural stimulation and recording in rats (Slutzky et al., 2010).  474 

Another limitation of stimulating epidurally is the need for higher stimulation currents to 475 
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surpass the MT of cortical neurons, than those required by ICMS. ECS may activate cortical 476 

interneurons and trans-synaptically activate pyramidal neurons since axons are more excitable than 477 

cell bodies or dendrites (Wongsarnpigoon and Grill, 2012). Although we previously demonstrated 478 

that the maps identified by ICMS and ECS were statistically correlated (Takemi et al., 2017), it 479 

should take into account a difference in the mechanism activating neurons between ICMS, mostly 480 

direct stimulation to cell bodies, and cortical surface stimulation. Higher current stimulation may 481 

also cause the involuntary muscle contraction from a reaction to noxious stimulation of dura. 482 

However, considering a time for signal transmission in the sensory-motor loop, it is hardly 483 

considered that the MEP occurring within 10−20 ms following ECS stems from noxious stimulation 484 

or painful sensation. An EMG implantation to the ipsilateral limb will further help to ensure that 485 

MEP provoked by ECS is mediated by motor pathways. 486 

 487 

4.4 Future work 488 

One may consider using the current algorithm for simultaneous estimation of corticomotor 489 

representations of multiple muscles. In this study, we developed the algorithm to estimate one motor 490 

map in a single mapping session, but we should be aware of that MEP amplitudes had been always 491 

recorded from all four muscles. It is possible to roughly estimate MTs of non-target muscles by 492 

fitting the MEP amplitudes collected during a mapping of target muscle to the modified ML 493 

algorithm. However, since the stimulus intensity is not optimized for the estimation of MTs of non-494 

target muscles, it requires additional stimulations to reach the error limits below ±6.5% MSO. There 495 

is trade-off relationship between a time required for mapping and number of motor representations 496 

estimating, although the duration would not simply increase as a function of the number of estimated 497 

representations. 498 

It is also required to improve false positive MEP detection. The current algorithm was 499 

designed as if the pseudo MEP is observed in 10% of total stimulations. The pseudo MEP refers to 500 
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spiky EMG activity not induced by cortical stimulation, which occurs in a time window for 501 

calculating MEP amplitude. Therefore, the pseudo MEP is a false positive and significantly hampers 502 

accuracy of the MT estimation. Supervised learning with sufficient amount of labeled training data 503 

could pave the way for better discrimination between the pseudo and the true significant MEP, which 504 

is provoked by cortical stimulation activating motor pathways. This will result in reduction of the 505 

false-positive ratio and may enable more reliable mapping by less than 20 stimuli per point and to 506 

predict MT of more than 65% MSO.  507 

 508 

5. Conclusion 509 

In the current study, we established reliable epicortical stimulation mapping for the motor 510 

somatotopy and proved it in three common marmosets after chronic implantation of EMG and 511 

µECoG electrodes. The results of both in silico computer simulation and in vivo electrophysiology 512 

experiments demonstrated that MT could be stochastically estimated by means of the modified ML 513 

method with acceptable precision. We modified a setting rule of the next stimulus intensity to avoid 514 

excessive contractions of muscles and restricted a number of prior MEPs used for MT estimation. 515 

This approach represented a reasonable compromise between robustness and accuracy, making our 516 

ML modifications a standard of MT estimation procedure for animal experiments in the future. In 517 

addition, in vivo ECS mapping performed with the marmosets showed that the MT was estimated 518 

constant between days and the location of the forelimb corticomotor representation was stable both 519 

within a day and between days. These findings suggested that our ECS system allowed repeated 520 

mapping of a given cortical area, which will enable us to elucidate the mechanism of day-by-day 521 

reorganization of the motor cortex, during motor learning or functional recovery from neurological 522 

deficits. 523 

 524 
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