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E i radialis; ECS, epidural cortical stimulation; EDC, extensor digitorum communis; ICC, intraclass

1
C ation coefficient; ICMS, intracortical microstimulation; IQR, interquartile range; MEPs, motor evoked potentials;
ML, maximum likelihood; MSO, maximum stimulator output; WECoG; micro-electrocorticography; MT, motor

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

Objective. Motor map has been widely used as an indicator of motor skills and learning, cortical
injury, plasticity, and functional recovery. Cortical stimulation mapping using epidural electrodes is
recently adopted for animal studies. However, several technical limitations still remain. Test-retest
reliability of epidural cortical stimulation (ECS) mapping has not been gxamined inrdetail. Many
previous studies defined evoked movements and motor thresholds by visualiinspection, and thus,
lacked quantitative measurements. A reliable and quantitative metor map is dmportant to elucidate
the mechanisms of motor cortical reorganization. The objective,of the curtent study was to perform
reliable ECS mapping of motor representations based' on ‘the motor thresholds, which were
stochastically estimated by motor evoked potentials »and chronically implanted micro-
electrocorticographical (LECoG) electrode arrays, in common m;rmosets.

Approach. ECS was applied using the implanted \pECoG electrode arrays in three adult common
marmosets under awake conditiofiss, Motor \ evoked potentials were recorded through
electromyographical electrodes implanted in_upper limb muscles. The motor threshold was
calculated through a modified maximum likelihood threshold-hunting algorithm fitted with the
recorded data from marmosets. Fu&her, a computer simulation confirmed reliability of the algorithm.
Main results. Computer simulation{suggested that the modified maximum likelihood threshold-
hunting algorithm enabled to estimate motor threshold with acceptable precision. In vivo ECS
mapping showed high test-retest reliability with respect to the excitability and location of the cortical
forelimb motorrepresentations.

Significance. Using implanted pECoG electrode arrays and a modified motor threshold-hunting
algorithm, we were able to achieve reliable motor mapping in common marmosets with the ECS

system.

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

1. Introduction
The motor map, i.e., the topographical representation of body movement obtained using intracortical
microstimulation (ICMS) over the primary motor cortex, has been widely used as a sensitive
indicator of motor skill, learning, and experience, cortical injury and plasticity, and functional
recovery (Schieber, 2001; Monfils et al., 2005). The acquisition/f motor skill expands the motor
map for forelimb movement, which continues to progress asdraining progresses and reverses once
training stops (Nudo et al., 1996; Kleim et al., 1998). The/expansion of the motor map has also been
demonstrated during the functional recovery from sensorimotor disorders, such as stroke and spinal
cord injury (Nudo et al., 1996; Raineteau and Schwab; 2001). 4

However, motor mapping using [CMS»has some intrinsic technical limitations. These
include the long experimental proceduteswhich isat risk of the confounding effect of time, and the
inconsistencies in the positioning of the inserted electrode during repeated mapping. Further, the
penetrations of the electrode can.damage the cortex, causing network dysfunction (Rousche and
Normann, 1998; Fernandez et al., 6014). Cortical stimulation mapping with epidural electrode arrays
has been recently adopted for some animal studies instead of ICMS (Molina-Luna et al., 2007; 2008;
Takemi et al., 2017). However, there are also some technical limitations to this approach. The test-
retest reliability of’epiduralicortical stimulation (ECS) mapping has not been examined in detail. The
experimental jprocedure..for the long-term evaluation of motor cortical plasticity has not been
developed yet.Moreoyer, many studies have used visual inspection of movement to define the motor
threshold (MT){ which is an index to compose the motor map; this implies a lack of quantitative
measurements. A reliable and quantitative epidural motor map is required to better elucidate the
mechanisms of the reorganization of the motor cortex during motor learning or functional recovery

after neurological deficit.
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The goal of the present study was to perform ECS mapping of motor representation based
on the MT, which was stochastically estimated using motor evoked potentials, (MEPs). We
empirically validated the ECS mapping in adult common marmosets (Callithrix{jacchus), a small
New World monkey. Marmosets have a relatively small body size, are eagy to handle; and are
characterized by fast sexual maturation, with the added advantage of providing unique behavioral
and cognitive characteristics (Okano et al., 2012) that satisfy the requircmentifordpreclinical animal
studies. Several experimental techniques employed in rodents, suchhas motor function test (Takemi et
al., 2014), calcium imaging (Sadakane et al., 2015), and optogenetics (MacDougall et al., 2016), can
be used, either directly or after a slight modification, in' these small-bodied primates. The nearly
lissencephalic cortex allows easy access to the sensorimoter cortex for the electrophysiological
assessment using an array of surface electrodes (Huffman anz Krubitzer, 2001). Unlike rodents,
however, marmosets have a well-developed frontalcortex and, like humans, show clear separation of
the primary motor cortex from the somatesensory cortex (Burman et al., 2008). In the present study,
micro-electrocorticographical (UWECoG) electrode arrays were chronically implanted over the
sensorimotor cortex, while electromyographical (EMG) electrodes were inserted into upper limb
muscles to detect twitches. The \stochastic threshold estimation algorithm was validated in vivo
electrophysiology experiments fitted' with the recorded data from marmosets. Further, reliability of
the algorithm was additionally confirmed by an in silico computer simulation. The current study
enabled us to understand the basic properties of functional motor representations in the common

marmoset, whi€h could:then be extended to phylogenetically higher species as well.

2. Material and Methods
2.4. Animals
Threeradult male common marmosets (Callithrix jacchus; MK1, 358 g; MK2, 356 g; MK3, 380 g)

were used in the present study. MK1 and MK2 were shared with a study that tested grasping-related
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cortical activities (Tia et al., 2017) but the grasping experiments were conducted afterdata
acquisition for this study was accomplished. All procedures were performed in accordance with the
Laboratory Animal Welfare Act and The Guide for the Care and Use of Laboratory  Animals
(National Institutes of Health, Bethesda, MD) and were approved by thenlnstitutional Animal

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

2.2. Electrode array

We implanted pECoG electrode arrays that were coated with atnanocomposite of poly-(3,4-ethylene-
dioxythiophene) and carbon nanotubes (PEDOT-CNT) and »encapsulated by fibrin hydrogel
(Castagnola et al., 2013; 2014). The use of nanomaterial,coatings reduced electrode impedance and
increased charge injection capacity. PECoG electrode atrays us;d in the current study were custom-
made (6.8 x 8.0 mm; Fig. 1A). The size was\defined enough to cover the upper limb area of the
sensorimotor cortex in marmosets (Bufish.et al., 2008; Burman et al., 2008; Kondo et al., 2015). The
arrays had 64 channel electrodes, each of which had a diameter of 0.1 mm. The distance between

each electrode was 0.9 mm and-0.72mm, in the mediolateral and anteroposterior directions,

respectively. They also had four st'{nulation ground contacts (diameter, 0.5 mm).
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A = 421 mm = (B)
head chamber
silicon adhesive
¢ artificial dura
MECoG electrode arrays
<
multistranded
stimulation ground stainless
(= 0.5 mm) steel wires
= stimulation electrode
(¢ =0.1 mm)
— perforation (

Figure 1. (A) Micro-electrocorticographical (UECoG) \electrode arrays were coated with a
nanocomposite of poly-(3,4-ethylene-dioxythiophene) and carbon nanotubes (PEDOT-CNT) and
encapsulated by fibrin hydrogel. The arrays had 64 channel€lectrodes and 4 stimulation grounds. (B)
Schematic drawing of implantation of electromyographical electrodes and ptECoG electrode arrays.
Red lines represent multi-stranded stainless steel wires implanted subcutaneously in the target
muscles. The arrays were placed in the chamber and the inside of the chamber was filled with

silicone polymer.
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2.3. Surgical procedure of uECoG and EMG electrode implantation

Implantation of pECoG electrode arrays and EMG wire electrodes were performed on different days
under anesthesia.  Anesthesia was induced by an intraperitonealy, injection of
medetomidine/midazolam/butorphanol  (0.05, 0.5, and 0.5 mg/kg, respectively).  »Atropine
(0.10 mg/kg) and prednisolone (0.15 mg/kg) were intramuscularly injected immediately after the
anesthesia. During the surgery, anesthesia was maintained by inhalation of 1.5-2:5% isoflurane and
the oxygen saturation level was continuously monitored.

For implantation of pPECoG electrode arrays, a craniotomy of'9 x 5 mm (coordinates
relative to Bregma as follows: 0-9 mm anterior and 2-47 mm lateral) was performed in the left
hemisphere, ensuring that the dura mater was maintained intact. The ptECoG electrode arrays were
implanted between the dura and skull. The arrays were daid ont(: the dura using a micromanipulator.
A piece of artificial dura mater was then applied between the arrays and the skull. The head chamber
was made of Ultem, which is a polyetherimide polymer characterized by high dielectric, solvent
resistance, and mechanical properties. The chamber was attached to the skull with stainless steel
screws and dental acrylic, to hold the electrode connectors. The inside of the chamber was filled with
silicone polymer (Kwik-Cast, Worl\d Precision Instruments, Sarasota, FL; Fig. 1B).

The protocol to implant EMG wire electrodes was based on previous studies (Park et al.,
2000; Hudson et al., 2010). Briefly, pairs of multi-stranded stainless steel wires (AS634, Cooner
Wire, Chatsworth,/CA) were implanted subcutaneously in the following target muscles of the right
upper limb: deltoid, triceps brachii (TB), biceps brachii (only one marmoset), extensor carpi radialis
(ECR), flexor carpi radialis (only one marmoset), extensor digitorum communis (EDC), and flexor
digitorum superficialis. The location of each muscle was identified by its anatomical features and the
movements. elicited by trains of low-intensity electrical stimulation. Two electrodes, spaced 5 mm

apart, were implanted in each muscle.
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2.4. Cortical stimulation

Stimulus current was generated by the isolator output (SS-203J; Nihon Kohden, Tokyo, Japan) and
controlled from the analog output module (NI PClIe-6321; National Instruments, Austin, TX)..In the
present study, the stimulus was composed of five 250-us biphasic cathodal and anedal pulses
delivered at 1,000 Hz with a maximum stimulator output (MSO) of 1.0 mA. The pulse repetition rate
at 1,000 Hz (1 ms interpulse interval) is much higher than the period of re-polarization after neuronal
discharge. However, it was considered that increasing the stimulation frequency for increasing the
number of pulses might efficiently activate pyramidal cells €ven thoughrthe pulse repetition was
more than the rate of re-polarization.

The EMG signals were band-pass filtered (1=2,000. Hz with 2nd order Butterworth) and
digitized at 4,800 Hz using an amplifier (g.USBamp; g.tec :nedical engineering GmbH, Graz,
Austria). During cortical stimulation, marmosets held onto the pole and were kept awake and resting.
The animals were wearing jacket and.the,jacket was fixed with the pole and the limbs also touched
the pole. We set the permissible background EMG amplitude to continue cortical stimulation
mapping to be at S0 uV. If the peak-to-peak amplitude of deltoid, TB, ECR, or EDC muscles
exceeded 50 uV within last 80 m& it was deemed that voluntary muscle activity had occurred and
the stimulation was automatically Stopped until termination of voluntary muscle activity. MEP
amplitudes were calculated online and the next stimulation intensity was then selected using an in-
house developed algorithm (see next section), which was written with MATLAB 2013a (MathWorks,

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

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

2.5. Motor threshold estimation
2.5.1.Algorithm for motor threshold estimation

The MIT was generally defined as a stimulus intensity at which a significant MEP can be obtained
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with a probability of 50% (Rossini et al., 1994). In the current study, we determined the MT using
the Maximum Likelihood (ML) threshold-hunting approach (Awiszus, 2003), which is summarized
below. The MT was estimated based on fitting the cumulative Gaussian distribution,on the measured
probability of MEPs with different stimulation intensities.

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

modeled by a cumulative Gaussian as follows:

(z-t)
p(m,t,s)= I Tezsz dr
SN2

where ¢ is the “threshold” corresponding to the stimulus/nténsity at‘which p = 0.5, and s is the
“threshold spread” corresponding to the extra amount of stimulus intensity required to increase the p
from 0.5 to 0.84. The log-likelihood function, L, after’'n stimuli were applied was calculated as

follows:

L(t,5)= Zjlln(l — (s 1,5))+ O _In(p(mf, 1,5))

i=l i=1
where ms and mf were the stimulus,intensities that succeeded or fail to obtain MEP, respectively, and
Jj and k were the numbers of stimuli corresponding to ms and mf, respectively (where j + k = n). The
values of ¢ and s that maxifized*Liwere identified. The stimulation intensity for the subsequent
stimulus was then automatically set that maximized L(m, 0.07m). The threshold spread parameter,
which was here defined as 7%»of the underlying threshold, was also tested in our experimental
condition using pre-measured MEP data. ECS was applied to two different pECoG channels at 10
different stimulus/intensities. At each intensity, 10 MEPs were recorded from the deltoid and EDC
muscless The probabilities to obtain significant MEPs were calculated and fitted to a cumulative

Gaussian distribution (Fig. 2C).

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

simulation

10
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Since the ML regression algorithm estimates the refined MT, with a smaller number of stimuli
(Mishory et al., 2004), it results in less robust estimate under considerable background EMG activity
(Qi et al., 2011). Modification of the ML threshold-hunting algorithm makes it¢useful for animal
experiments, because awake animals are difficult to maintain at rest, especially after strong
stimulations that induce large body movement. Thus, we modified the /algorithm using the three
following directions: (1) changing the setting rule of the next stimulus intensity; (2) reducing the
number of prior samples of MEP results for threshold estimatiohy, and (3) changing the stopping
criterion for threshold estimation. Thus, the modified ML threshold-hunting algorithm had five steps
as outlined below.

STEP 1: Two “pseudo responses” (no MEP at 15% andssignificant MEP at 105% of MSO) was set to
identify the interval within which the threshold hunting proced:re was conducted and to determine
the initial stimulus intensity. The initial stimulus intensity, m;, which maximized L was identified
(my, 0.07m,). This was set to 35% of MSO.

STEP 2: A stimulus was applied. Peak-to-peak MEP amplitude of a target muscle in a period of 10—
20 ms after the stimulus was calculated to determine whether it exceeded the predetermined
threshold (60 uV). We set the thr(ghold of MEP at 1.2 times higher than the permissible background
EMG amplitude in order to minimize false positive MEP detection.

STEP 3: The estimated MT was calculated. L(z, 0.07f) was maximized with the given number of
prior samples of MEP results.

STEP 4: Thesnext stimulus intensity, m,,;, was calculated as follows. The ideal next stimulus
intensity, M, which maximized L(M, 0.07M) was first calculated. Next, if the M was larger than the
previous stimulas, m,, by 10% of MSO, then m,,; was set to m,+10% MSO. If the MEP did not
exceed the predetermined threshold for the last four stimuli, then m,,,; was also set to m,+10% MSO.
Finally;.ifall the above conditions were false, then m,,; was set to M.

STEP»5: STEPS 2, 3, and 4 were executed until a given number of stimuli was applied. The

11
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stimulation was then stopped and the MT that maximized L(¢, 0.07¢) was determined.

The number of prior samples used for threshold estimation and the number of stimuli
required to stop the threshold estimation procedure were determined using a Monte-Carlo simulation.
First, two uniform random numbers, r; and r,, were generated in the interval (0, 1). The quantity r;
stood for the simulated MEP. If p(m, t, s) was smaller than r;, the simulated esponse was classified
as a success; if it was larger or equal to ry, it was classified as a failure. The quantity ¢ was set within
the ordinary experimental ranges (from 25-95% MSO). Thehquantity, rz; stood for the simulated
muscle activity that was not induced by stimulation. If r, /Wwas smaller than a given number, r, (here
defined as 0.1), the simulated MEP was classified as ‘‘pseudo” MEP, irrespective of the r; value. The
probability of pseudo-MEP occurrence was determined using YEMG data measured from the four
upper limb muscles (i.e., deltoid, TB, ECR, and EDC). The data consisted of 50 trials of EMG data
time-locked to the stimulation, which/was.applied for each of the 21 pECoG electrodes, where the
MEP was never induced by the stimulation at,100% MSO. We visually determined the pseudo MEP
and calculated the probability of pseudo-MEP occurrence for each electrode and each muscle. The
95™ percentile of the probability Qas extracted from 84 samples (21 HECoG channel x four upper
limb muscles) for defining the given number, r (Fig. 2A and B).

A total of 50 simulated responses were generated to evaluate the following two types of
threshold-estimation procedures: (1) modified ML threshold-hunting algorithm, which uses 8 to 18
responses priof to the,current response, and (2) the conventional ML hunting, which takes all
previous responses into account. Each of the threshold estimation procedures was repeated 10,000
times. For each‘estimated threshold value, ., the error value e was calculated as e =lr—l. The 95%

erfor limit obtained as the 95" percentile of the 10,000 error values was evaluated for each threshold

estimation procedure.

12
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2.6. Test-retest reliability of motor map measurements

The reliability of the maps was assessed using intraclass correlation coefficients (ICCs). The ICC
assesses the within-day or between-day variability (values range from O to 1), where values = 0.80
are considered reliable (Landis and Koch, 1977; Shrout and Fleiss, 1979; McGraw and Wong, 1996).
We calculated the ICC of four different types of motor map indices, which have been used in human
transcranial magnetic stimulation studies in order to evaluate cortical excitability, location of the
hotspot (i.e., the electrode position where the lowest MT was obsérved), and the relationship of the
cortical forelimb motor representations between each muscle as.follows: (1) minimum MT, (2) map
area, (3) normalized map volume, and (4) overlapping area (Wolf et al., 2004; Ngomo et al., 2012;
van de Ruit et al., 2015). The map area was calculatedsas,the:number of electrodes in which the MT
was lower than a certain value, which ranged between/65% an:l 95% MSO with 10% MSO steps.
The normalized map volume was calculated by the sum of MTs (< 65% MSO), normalized to the
minimum MT. The overlapping area wassthe number of the active electrodes (MT < 65% MSO) in
both the deltoid and EDC muscles. We chosera 65% MSO as the maximum MT used for calculation
of the normalized map volume and the overlapping area, since the ICC(1,1) and ICC(2,1), which

reflected intra-day reliability and{etween—days reliability, respectively, always exceeded 0.80 if the

electrodes with MTs below!65% MSQ were used for the calculation.

3. Results

3.1. Thresholdproperty

Figure 2A shows typical examples of a significant MEP and a pseudo MEP. The significant MEP
exceeded the predetermined amplitude within a certain period of time after stimulation. A pseudo
MEP generally showed spiky muscle activity that was not induced by stimulation and was
indistinguishable from a significant MEP in terms of its shape and amplitude. Even if the stimulation

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

13
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Figure 2. (A) Typical examples of a significant motor evoked potential (MEP) and pseudo MEP. The
significant MEP exceeded the predetermined amplitude (60 puV),after stimulation. The pseudo MEP
generally showed spiky muscle activity, which was not induced by stimulation. Black bars below
MEP waveforms represented a period of stimulation«{(B),Histogram of the probabilities of pseudo
MEP occurrence. (C) Cumulative Gaussian distribution of the.probability in obtaining significant
MEPs. The results of the curve fittings are shown with open circles, filled circles, and open squares.
Circle symbols represented values derivedsfrom the extensor digitorum communis (EDC) responses.

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

represented values derived from the"deltoid muscle response.
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The measured probabilities to obtain significant MEPs were well fitted to a cumulative
Gaussian distribution (Fig. 2C). Circle symbols represented values obtained from the EDC.
Thresholds were 55.7% and 65.0% MSO, while threshold spreads were 4.8% and 5:0% MSO. Square
symbols represented values obtained from the deltoid. The threshold was 7741% and the threshold
spread was 6.7% MSO. The relative threshold spreads of these data were 8.6%,.7.8%, and 8.7%
MSO. We then confirmed that the motor thresholds derived using 7% and 8% MSO as relative
threshold spread were almost identical (Supplementary Fig. 1). Thus, we intended to develop the
threshold-hunting algorithm for marmosets using a relative{threshold spread of 7%, which was

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

3.2. In silico: Monte-Carlo simulations

Monte-Carlo simulations were performed to determine the number of samples and number of stimuli
required for accurately estimating the ML, The results of simulation at three different thresholds are
shown in Fig. 3. When all prior samples weresused for threshold estimation, the error limits became
larger, especially when the true threshold was high. In the simulation with the true threshold at 45%
MSO (Fig. 3A), the error limits fc\ll below +6.5% MSO with many numbers of prior samples when
more than 19 stimuli were applied. The simulations of true thresholds at 65% and 85% MSO showed
error limits remaining high and did not fall below £6.5% MSO when the number of prior samples
was less than 12 (Fig. 3B and C). Therefore, we set the optimal number of samples for threshold
estimation to 42 and the-optimal number of stimuli to 20. Figure 4A shows the stopping error by
using these parameters. The results demonstrated that although the MT tended to be underestimated,
the interquartile‘range (IQR) of the stopping errors was less than +5% MSO. Moreover, the lowest
estimated threshold within 1.5xIQR of the lower quartile was smaller than 6.5% MSO below the true

threshold,when the true threshold was 25-65% MSO.
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47 315  Figure 3. Relationship between the estimated error limits and stimulus number. Monte-Carlo
49 316  simulations were performed on true thresholds set to (A) 45%, (B) 65%, and (C) 85% of maximum
51 317  stimulator output (MSO). Each colored line represents the result of using different numbers of prior
53 318  samples.in'the threshold hunting procedure.
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Motor threshold [% MSO] Motor threshiold [% MSO] Motor threshold [% MSO] Motor threshold [% MSO]
Figure 4. Assessment of the reliaality of the modified maximum likelihood (ML) threshold hunting
algorithm (A) in sili¢e/and (B).inwivo. (A) Stopping error in the modified ML threshold-hunting
algorithm estimated by:the Monte-Carlo simulation that repeated 10,000 times. The number of
samples used for threshold estimation was set to 12 and the number of stimuli was set to 20. Box
plots indicate the/median (black line in the box), interquartile range (IQR; gray box) and the lowest
and highest data within 1.5 IQR of the lower and upper quartile, respectively (error bars). (B)
Stability of \thedmotor map over time. The maps of deltoid muscle of a single marmoset (MK1) are
shown. The geometry of the motor map remained stable across two sessions. Intraclass correlation

cocfficient (ICC) of the map area was calculated as a number of electrodes of which the motor
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3.3. In vivo: motor mappings

Implantation of pPECoG and EMG electrodes, cortical stimulation, and motor mapping ‘were
successfully performed in all three marmosets. MTs were also successfully determined for all
channels and for all muscles, but here we only showed the motor maps of sthe deltoid and EDC,
which are the most proximal and the most distal muscles in the present study, respectively, to avoid
confusion. Both within- and between-session test-retest reliability of the motor,maps were assessed.
A single session consisted of four ECS mappings performed within one day, with two repeated
sessions after an interval of 3-4 days. The first session was{performed at least 2 weeks after the
LECoG array implantation.

The ICC of the map area was calculated usingythe electrodes, in which the MTs were less
than 65%, 75%, 85%, and 95% MSO. We found that both.good within- and between-session
reliability (ICC > 0.80) were observed if the electrodes with a MT that was less than 65% MSO were
used for the map area calculation (Figi4B). These results were consistent across different forelimb
muscles, so we decided to use electrodes withha MT less than 65% MSO for further comparison and
evaluation of ICC across types of the motor map indices.

The ICC(1,1), which rcﬂected the within-session test-retest reliability, indicated that the
map area and normalized map volume were reliable for both deltoid and EDC muscles. The
minimum MT of the EDC musele was also reliable, but that of the deltoid muscle slightly varied
within sessions. The overlapping area was not reliable within session 1 and 2. Between the two
sessions, all the ' motor:map indices were reliable, which suggested that the hotspot and geometry of
motor maps were stable between days (Fig. 4B). These results are summarized in Table 1. Figure 5
shows the average forelimb motor maps in a single marmoset (MK1). We obtained the different
topographic profiles of the MTs over the channels for the two forelimb muscles simultaneously.
Thesenmaps were partially overlapped (overlapping area: 58+11%). The hotspot was different

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

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

Supplementary Fig. 2.

Table 1
Reliability of the motor map measurements within and between sessions. o
Mean + SD ICC(1,1): within-session ~ ICC(2,1):
Session 1 Session 2 Session 1 Session 2 between-session
Minimum MT (deltoid) [% MSO] 3610 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 1148 0.83 0.83 0.85
Map area (EDC) 1349 1110 0.96 0.96 0.98
Normalized map volume (deltoid) 27.8+13.4 21.3£18.4 0.9 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

stimulator output; MT, motor threshold; SD,standard deviation
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deltoid (shoulder muscle) EDC (digit muscle)

Iﬁéﬁ

Figure 5. Averaged motor maps of the two forelimb muscles. Estimated

hoid [% MSQO]

sholds were used

as the index of motor representation and spatially interpolated. Bla ts te the position of the

stimulus electrodes. Black crosses indicate the hotspot.
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4. Discussion

In the current work we succeeded in developing a novel method for mapping motor representations
in common marmosets, based on a MT that was stochastically estimated usinghthe ML method.
Implantation of the EMG electrodes and nECoG electrode arrays allowed repeated mapping of the
same cortical areas. Modification of the ML threshold-hunting algorithm enabled us,to estimate MTs,
with acceptable precision both in silico and in vivo. ECS mapping‘showed,high reliability with
respect to the between-day cortical excitability and both within-tand between-day location of the

cortical forelimb motor representation.

4.1. Feasibility of the modified threshold-estimation procedures

Several computer simulation studies showed that ML hunting algorithm estimated the MT faster and
more precisely than other conventional threshold=determining methods. Recently, ML hunting has
also been widely used in human preclinical studies,(Awiszus, 2003; Borckardt et al., 2006; Qi et al.,
2011). In the present study, we revisited the original ML algorithm, since animals cannot stay at rest
for a long time, which increases false positive detection. Our simulation results demonstrated that the
modified threshold estimation alg\orithm allowed an acceptable MT to be determined in animal
models. However, it should be also noted that our algorithm cannot reach the same level of accuracy
as the original ML, threshold-hunting approach (Awiszus, 2011), unless a pseudo MEP is
distinguished from a stimulus-induced MEP automatically.

The<original ML regression algorithm was designed with the assumption that all inputs
were reliable \(Pentland, 1980), which is hardly the case for animal experiments. In order to
counteract false‘observations, such as pseudo MEP, our method restricted the number of prior MEPs
used for updating the next stimulus intensity and the step size used to shift the intensity. According to

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

number of stimuli and accurate threshold estimation. In-vivo mapping experiments further provided
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evidence that a MT lower than 65% MSO was reliable when 20 stimuli were applied. One may try to
estimate MT with less than 20 stimuli due to difficulties, such as an animal has not been well trained
to maintain at rest, but this will increase a difference between the true threshold and estimated
threshold (Fig. 3). The trade-off between the estimation accuracy and the number of stimuli must be
taken with caution. Considering the stochastic nature of the ML algorithm, a case with a lower true
threshold was less affected by pseudo MEPs. Mathematically, an MEP with a stimulus intensity that
is lower than the true threshold is highly likely to be a false positive, since a significant MEP is less
likely to be provoked. This means that a higher true threshold #vas higher is more likely to result in a
pseudo MEP, resulting in a less accurate estimation.

In the ML hunting procedure with the initialssetting of no MEP at 15% and significant
MEP at 105% MSO, the first stimulus intensity was'fixed at 35‘7: MSO. If an MEP was not obtained
with the first stimulus, the second intensity was setito 45% due to the step size restriction to shift the
intensity. If an MEP was also not obtained with the second stimulus, the third intensity was set to
55%. Again, these initial results are likely torbe false positives, since an MEP with a relatively low
intensity compared to a true threshold'is more likely to be a pseudo MEP. Restricting the number of
prior MEPs avoids usage of these\false positive data, which subsequently ensures that the estimated
threshold is close to the true value! Furthermore, without this restriction, if pseudo MEPs occur
during initial stimulationyit is challenging to reach high stimulus intensity in subsequent estimations

when using the original ML algorithm.

4.2. Map reliability

Our results showed high test-retest reliability of motor map measurements. For example, the ICC of
thefmap arearand normalized map volume, which reflect size consistency of the cortical motor map,
showed excellent reliability both within- and between-days regardless of the muscle that was
analyzed. In addition, the minimum MT, an index of the cortical excitability, was stable between

sessions in both the deltoid and EDC muscles. These results corroborated with previous transcranial
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magnetic stimulation studies that reported good reliability of MT in humans (Carroll et<al.;2001;
Malcolm et al., 2006; Ngomo et al., 2012) and animals (Amaya et al., 2010). Our results »also
suggested that the within-session reliability of the minimum MT was more variable for the,proximal
muscle compared to the distal muscle. We presumed that this was caused by differences. in the trial-
to-trial MEP variability, as proximal muscles showed more variable MEP responses, in comparison
with distal muscles (Brasil-Neto et al., 1992). It must be noted that the location of forelimb cortical
representation identified by our method was consistent with previous=cytoarchitectural and
electrophysiological studies investigating the motor areas in thehmarmoset/cortex (Burish et al.,

2008; Burman et al., 2008).

The map area did not show good reliability when it was calculated using the electrodes in
which the MT was above 65% MSO. Thus, the estimated threshold was less consistent with higher
stimulus intensities. This is in line with the result of our Mont%—Carlo simulation indicating that a
larger threshold resulted in greater error limitsy In particular, the lowest error of the estimated
threshold within 1.5xIQR of the lower.quartile became smaller than 5% MSO below true threshold,
if the true thresholds were higher than 65% MSO. Considering that MEP variability increases as the
stimulation site becomes more distant. from the hotspot (Brasil-Neto et al., 1992), muscle responses
to cortical stimulation at the sites in which the estimated MTs exceeded 65% MSO might be
unstable. This could be another cz;se for lower test-retest reliability of the map area calculated using
the electrodes with the M Ts abovei65% MSO.

The results described here were assessed across two sessions separated by 3—4 days. Yet,
long-term reliability of ECS mapping is still unclear. Effect of time on the growth of dura in response
to the array implantation im marmosets needs to be studied for long-term stimulation mapping
procedure. A previous study reported that electrode impedance increased due to the tissue reaction
from few days’and up to a maximum of 1 week after the initial implantation of Michigan silicon

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

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

4.3. Advantages and limitation of epidural cortical stimulation mapping

One advantage of our mapping system is that it is capable of characterizing the motor cortex in
awake animals. Since anesthesia induces significant changes of amplitude and latency of MEPs
(Chiba et al., 1998; Zandieh et al., 2003), it is desirable to avoid animals l@ng anesthetized. Our
mapping system reduced the duration required to create motor map$,to less than 10 min. This may be
a reason why our mapping was successful in awake animalsvho are difficult to keep at rest for a
longer period of time.

The other advantage of this approach was theslowhinvasiveness. According to a previous
histological study performed after ECS, no cortical damage or :notor deficits were observed in the
animals even after repeated stimulations (Molina-kuna et al., 2007). In the current study, no motor
deficits were observed in any of the ahimals as well. In addition, our results suggest that electrode
positioning between repeated mapping sessions remained consistent. These are fundamental
prerequisites for the longitudinal evaluation of motor cortical plasticity after motor learning or
functional recovery after sensorim{tor disorders.

One technical limitation of stimulating epidurally is the current spread. The resolution of
epidural current spreadhin marmosets is not known. However, the dura of marmosets is thin
compared to humans and macaque monkeys (Bourne and Rosa, 2003; Lui et al., 2014) and similar to
those in rats, where theiresolution of epidural and subdural current spread is almost identical (Slutzky
et al., 2010). We therefore presumed that motor mapping with epidural stimulation in marmosets
could be almostidentical to the subdural stimulation. Because of the same reason, a distance between
electrodes was designed in concordance with a previous study investigating the optimal spacing for
epidural stimulation and recording in rats (Slutzky et al., 2010).

Another limitation of stimulating epidurally is the need for higher stimulation currents to
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surpass the MT of cortical neurons, than those required by ICMS. ECS may activate cortical
interneurons and trans-synaptically activate pyramidal neurons since axons are more,excitable than
cell bodies or dendrites (Wongsarnpigoon and Grill, 2012). Although we previously demonstrated
that the maps identified by ICMS and ECS were statistically correlated (Takemi et al.,»2017), it
should take into account a difference in the mechanism activating neurons between ICMS, mostly
direct stimulation to cell bodies, and cortical surface stimulation. Higher current stimulation may
also cause the involuntary muscle contraction from a reaction{ito noxious stimulation of dura.
However, considering a time for signal transmission in the sensory-motor loop, it is hardly
considered that the MEP occurring within 10—20 ms following EES stems from noxious stimulation
or painful sensation. An EMG implantation to the ipsilateral limb will further help to ensure that

4
MEP provoked by ECS is mediated by motor pathways.

4.4 Future work
One may consider using the current algorithm for simultaneous estimation of corticomotor
representations of multiple muscles. Inythis study, we developed the algorithm to estimate one motor
map in a single mapping session,\but we should be aware of that MEP amplitudes had been always
recorded from all four muscles. It is possible to roughly estimate MTs of non-target muscles by
fitting the MEP amplitudes collected during a mapping of target muscle to the modified ML
algorithm. However, since the stimulus intensity is not optimized for the estimation of MTs of non-
target musclesy it requires-additional stimulations to reach the error limits below +6.5% MSO. There
is trade-off relationship between a time required for mapping and number of motor representations
estimating, although the duration would not simply increase as a function of the number of estimated
representations.

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

designed as if the pseudo MEP is observed in 10% of total stimulations. The pseudo MEP refers to
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spiky EMG activity not induced by cortical stimulation, which occurs in a time window, for
calculating MEP amplitude. Therefore, the pseudo MEP is a false positive and significantly hampers
accuracy of the MT estimation. Supervised learning with sufficient amount of labeled training data
could pave the way for better discrimination between the pseudo and the true significant MEP, which
is provoked by cortical stimulation activating motor pathways. This will‘result in, reduction of the
false-positive ratio and may enable more reliable mapping by less than 20 stimuli per point and to

predict MT of more than 65% MSO.

5. Conclusion

In the current study, we established reliable epicortical»stimulation mapping for the motor
somatotopy and proved it in three common marmosets after.chronic implantation of EMG and
LECoG electrodes. The results of both in silico computer simulation and in vivo electrophysiology
experiments demonstrated that MT cotild,be stochastically estimated by means of the modified ML
method with acceptable precision. We modified a setting rule of the next stimulus intensity to avoid
excessive contractions of muscles.andirestricted a number of prior MEPs used for MT estimation.
This approach represented a reaso\nable compromise between robustness and accuracy, making our
ML modifications a standard of MT estimation procedure for animal experiments in the future. In
addition, in vivo ECS mapping performed with the marmosets showed that the MT was estimated
constant between days andthe location of the forelimb corticomotor representation was stable both
within a day .and between days. These findings suggested that our ECS system allowed repeated
mapping of a given cortical area, which will enable us to elucidate the mechanism of day-by-day

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

deficits.
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