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Background: A key outcome for spinal cord stimulation for neurorehabilitation after injury is to
strengthen corticospinal system control of the arm and hand. Non-invasive, compared with invasive,
spinal stimulation minimizes risk but depends on muscle-specific actions for restorative functions.
Objective: We developed a large-animal (cat) model, combining computational and experimental tech-
niques, to characterize neuromodulation with transcutaneous spinal direct current stimulation (tsDCS)
for facilitation of corticospinal motor drive to specific forelimb muscles.
Methods: Acute modulation of corticospinal function by tsDCS was measured using motor cortex-evoked
muscle potentials (MEPs). The effects of current intensity, polarity (cathodal, anodal), and electrode
position on specific forelimb muscle (biceps vs extensor carpi radialis, ECR) MEP modulation were
examined. Locations of a key target, the motoneuron pools, were determined using neuronal tracing. A
high-resolution anatomical (MRI and CT) model was developed for computational simulation of spinal
current flow during tsDCS.
Results: Effects of tsDCS on corticospinal excitability were robust and immediate, therefore supporting
MEPs as a sensitive marker of tsDCS targeting. Varying cathodal/anodal current intensity modulated MEP
enhancement/suppression, with higher cathodal sensitivity. Muscle-specificity depended on cathode
position; the rostral position preferentially augmented biceps responses and the caudal position, ECR
responses. Precise anatomical current-flow modeling, supplemented with target motor pool distribu-
tions, can explain tsDCS focality on muscle groups.
Conclusion: Anatomical current-flow modeling with physiological validation based on MEPs provides a
framework to optimize muscle-specific tsDCS interventions. tsDCS targeting of representative motor
pools enables muscle- and response-specific neuromodulation of corticospinal motor drive.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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a brain injury [6]. MCX stimulation can steer representational
plasticity [7] and promote CST structural remodeling [6,8]. An
alternative stimulation target is the spinal cord [3,9,10], to activate
intrinsic spinal circuits to promote the strength and fidelity of CST
transmission. Transcutaneous spinal direct current stimulation
(tsDCS) is a non-invasive approach for neuromodulation of spinal
cord networks that can augment corticospinal system output,
including MCX-evoked spinal synaptic responses [11] and MEPs
[12,13]. tsDCS modulates MEPs in most studies (cf, however [14])
and is well-tolerated in human trials [15e17]. It is adjustable and
cost-effective because it is non-invasive. Use of a direct current
waveform allows bidirectional (excitation/inhibition) neuro-
modulation [18e21] based on electrode polarity (cathodal/anodal).
Whereas most studies showed that c-tsDCS augments muscle ac-
tivity evoked by motor cortex stimulation and a-tsDCS either has a
minimal effect or suppresses activity (e.g. Refs. [20e23], other
studies have shown minimal differences between a- and c-tsDCS
(e.g., Ref. [24]) or dominant anodal facilitation (e.g., Refs. [25e27]).
Selecting tsDCS intensity and polarity, along with adjusting surface
electrode positions to steer current to the spinal cord, offers the
potential to customize resulting neuromodulation and plasticity
after injury. However, clinical optimization of tsDCS requires a
better understanding about how tsDCS targets spinal segments and
impacts muscle response strength.

The overall objective of this study was to characterize neuro-
modulation with tsDCS for facilitation of corticospinal drive to
specific armmuscles (biceps or extensor carpi radialis, ECR). To this
end, we developed a large-animal (cat) model to study segmental
localization, muscle-effect targeting, and clinical translation. tsDCS,
like transcranial direct current stimulation (tDCS) for the brain,
applies low-intensity direct current through electrodes on the skin
to polarize underlying neural structures, leading to changes in local
synaptic and network activity [11,28e30]. Like all forms of neuro-
modulation, tsDCS ‘dose’ddefined as the electrode montage, cur-
rent intensity, and polaritydgoverns the spatial characteristics of
current flow to target neural elements [31] and the resulting neu-
romodulation. The details of the underlying anatomy shape current
flow patterns, which can be predicted by Finite Element Method
(FEM) simulations [32,33]. In this study, a novel MRI/CT-derived
model of intra-spinal current flow integrated with segmental
neuronal morphology and connectivity data were evaluated in
relation to evoked physiological measurements to investigate tsDCS
mechanisms of action. We measured modulation of MCX-evoked
corticospinal output (MEPs) in two forelimb muscles during
cervico-thoracic tsDCS. We show that tsDCS acts immediately to
modulate MEPs. Differential cathode positioning produced prefer-
ential augmentation of either biceps or ECR responses; which was
explained by montage-specific segmental current flow and the
rostrocaudal distributions of their respective motor pools. Our
findings demonstrate tsDCS targeting of representativemotor pools
for proximal and distal muscles, thereby enabling muscle- and
response-specific neuromodulation to boost muscle strength
which is significant for efficacious neurorehabilitation.

2. Methods

2.1. Subjects and general procedures

Experimental procedures were approved by and conducted in
accordance with the Institutional Animal Care and Use Committee
of the Advanced Science Research Center of the City University of
New York. Cats were obtained from an Association for Assessment
and Accreditation of Laboratory Animal Care International (AAA-
LAC)-accredited supplier and housed in a controlled vivarium with
food and water available ad libitum. The minimum number of
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animals necessary to complete the experiments were used and care
was taken to reduce any pain or discomfort. The number of animals
in each group to complete the studies was (imaging n ¼ 2; tsDCS
intensity/polarity n ¼ 4; motor neuron pools n ¼ 2; tsDCS montage
n ¼ 3). One animal in the tsDCS montage group was used, after
completing theMEP recordings, to study MN pools (total¼ 10 cats).

For surgical procedures to implant theMCX epidural electrode, a
broad-spectrum antibiotic (cefazolin, 25 mg/kg i.m.), an analgesic
(buprenorphine, 0.02 mg/kg i.m.), and an antimuscarinic (glyco-
pyrrolate, 0.11 mg/kg i.m.), were administered prior to induction.
Anesthesia was induced with acepromazine (0.03 mg/kg i.m.) and
ketamine hydrochloride (30 mg/kg i.m.), and maintained with
isoflurane (1.5e3% in oxygen). Fluids were supplemented with
lactated Ringer's and body temperature maintained at 38 �C. Sur-
geries were performed under aseptic conditions. For electrophysi-
ology experiments, anesthesia was maintained with continuous
infusion of ketamine (10 mg/kg/h i.v.) [34]. For MCX electrode
implantation, the head was fixed in a stereotaxic frame and crani-
otomies were made to expose the dura overlaying MCX bilaterally.
Electrode placement was guided by the effects of stimulation to
evoke contralateral elbow- and wrist-joint movements. In the
tsDCS montage group, the electrode and a connector were secured
into position with an acrylic headcap and the recordings were
performed during a separate procedure. Antibiotics (cefazolin,
25 mg/kg i.m.), analgesics (buprenorphine, 0.02 mg/kg i.m;
meloxicam, 0.3 mg/kg, s.c.), and fluids were administered post-
surgically.
2.2. EMG recording and signal processing

Indwelling percutaneous electrodes were fabricated from
insulated stainless steel or tungsten fine wire (0.004’ diameter,
California Fine Wire, USA) and prepared with a deinsulated hook
(1e1.5mm) at the tip. An electrode pair was inserted 2e3mm apart
for differential EMG recordings. Single-pulse biphasic muscle
stimulation confirmed contraction of the target muscles (biceps
brachii; external carpi radialis, ECR) and recording of passive joint
movement. The EMG signals were bandpass filtered between 300
and 5000 Hz, amplified (A-M Systems, USA), and digitized (Power
1401, CED, UK) with a 10 kHz sampling frequency for offline anal-
ysis (Signal, CED, UK). Trials were screened and removed from
analysis if contaminated by electrical or movement artifacts.
2.3. Motor evoked potential (MEP) testing

The epidural MCX (Fig. 1A) electrode was made of a pair of
insulated stainless steel wires (PTechnologies, USA), deinsulated at
the end (2e3 mm; 1.5e2.0 mm separation) and contoured to the
cortical curvature. The electrode was placed over the forelimb
(coronal gyrus, area 4g, [35,36]) region of M1 and lowered to
appose the cortical surface and minimize current shunting through
the CSF. We delivered trains of biphasic pulses (3 or 7 pulses;
0.02 ms; 333 Hz) using an isolated stimulation unit (A-M Systems)
to produce a singlemuscle evoked potential (MEP; Fig.1C). Epidural
stimulation was repeated once every 2 s for 20 trials. The motor
threshold (MT) was defined as the minimum amount of current to
evoke a MEP on 90% of trials. Biceps and ECR muscle responses are
the most common muscle responses evoked epidurally over the
forelimb cortex, with ECR MEPs occurring within 0.8 mA of biceps
MEPs. Muscle recruitment was performed at threshold, 1.2, and 1.4
MT. Custom scripts (Signal, CED) were used to subtract the mean
background activity (50 ms sample before the stimulus) in each
trial (sweep) prior to the first stimulation train. In all animals, MEPs
were measured as the rectified integrated area of EMG activity



Fig. 1. Approach to assess tsDCS neuromodulation of the corticospinal system in a
large animal model. A. Schematic of cortical stimulation to test motor-evoked po-
tentials (MEPs) in cat. The forelimb representation of the motor cortex (over the
cruciate sulcus, inset) was electrically stimulated epidurally to evoke EMG responses.
B. Schematic of tsDCS to examine modulation of MEP responses for biceps and ECR
muscles. The tsDCS target electrode was placed on the dorsal midline and was moved
for montage comparisons; the return electrode was placed ventrally on the manu-
brium. C. Stimulation protocols. MEPs were generated with a stimulation train (3
pulses, 333 Hz; 0.2 ms; 2 s repeat; 20 trials) before tsDCS (baseline preDC, shaded) and
during tsDCS (onDC), following ramp (arrow).
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within a 30 ms time window beginning 20 ms after the first
stimulation pulse.

2.4. tsDCS and electrode montages

tsDCS was administered using a dorsal and ventral electrode
(target and return electrode, respectively; Fig. 1B) [12]. We used a
tsDCS montage to deliver current flow to the rostral cervical
enlargement based on parallel studies examining tsDCS neuro-
modulation therapy for cervical spinal cord injury [37]. The dorsal
electrode spanned C2eC6 and the ventral electrode placed on the
sternal manubrium. In later experiments to assess electrode
montage focality, the dorsal electrode spanned T2-T6 (caudal); the
ventral electrode was also placed on the sternal manubrium.

We used a commercially available isolated stimulation unit
(Model 0707A, Soterix Medical, USA) to deliver tsDCS. Pairs of
surface electrodes (3 � 3 cm) were made from hydrogel electrodes
(PALS, North Coast Medical, USA), or saline-soaked sponges acti-
vated by a carbon rubber insert in a silicone casing (Caputron, USA).
The electrode size for cat stimulation was based on practical
experimental and anatomical considerations to reduce current
density at the electrode surface. The size is generally scaled down
from human cases and up from our rat study [38]. The hair was
trimmed and skin cleansed with isopropyl alcohol to reduce elec-
trical resistance. The electrodes were placed on the midline and
secured on the skin surface with straps. The duration of tsDCS
typically was on for 40 s, with a 30 s ramp up and a 30 s ramp down
period (Fig. 1B). Electrode contact quality and current delivery were
continuously monitored; we did not find a difference between
electrode materials. Baseline MEPs were measured immediately
before tsDCS. Minor erythemawas observed, lasting a fewminutes,
after tsDCS with no signs of tissue damage or petechiae.

2.5. Anatomical determination of motoneuron pools

Motoneuron distributions were determined for biceps and ECR
muscles using retrograde tracing, as in our previous study [39].
Anesthesia was induced as above, and tracer (cholera toxin b-
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fragment, CTB; 1% in sterile water, 40e45 ml total volume; List
Biological, USA) was injected using a microsyringe over a 3 min
period. The needle was inserted parallel to the long axis of the
muscle from distal to proximal approach into the muscle belly [40].
The muscle surface was rinsed with saline, the skin closed with
sutures, and treated with topical antibiotics (in addition to above).
Terminal procedures were performed one week later to extract the
spinal cord. The animal was deeply anesthetized (Sodium Pento-
barbitol, 30 mg/kg) for transcardial-perfusion with saline followed
by 4% paraformaldehyde. The dorsal root ganglia and entry zones
were examined while the cord was in the dural sac for accurate
segmental identification. Tissue blocks (C2-T2) were dissected,
post-fixed in 4% paraformaldehyde, and then cryoprotected in 20%
sucrose solution at 4 �C. Frozen sections (40 mm) were cut. CTB
staining was performed using a goat anti-CTB (1:1000; List Bi-
ologicals, USA) primary antibody and a donkey anti-goat secondary
antibody conjugated to FITC. The number of CTB-labeled moto-
neuron somas for each muscle group in the same sections were
counted. We sampled 20 sections/segment, with a wide sampling
interval of approximately 1 section in every 0.4 mm for a total
volume of 8.0 mm2.

2.6. Finite element method modeling

High resolution Magnetic Resonance Imaging (MRI, Magnetom
Skyra 3T, Siemens, Erlangen, Germany) and Computerized Tomog-
raphy (CT, SomatomForce, Siemens, Erlangen, Germany) scanswere
acquired to construct a finite element method (FEM) model of the
feline spinal cord and surrounding tissues. We used post-mortem
animals (n ¼ 2) to eliminate movement artifacts and achieve full-
body coverage in T1-weighted 3D magnetization-prepared rapid
gradient-echo (MP-RAGE) and T2-weighted 3D variable flip-angle
turbo spin-echo (TSE) scans at 0.67 mm isotropic resolution. An
additional proton density-weighted 2D gradient-echo (GRE) scan
was acquired at 0.3 mm in-plane resolution and 2.5 mm slice
thickness with more limited rostral-caudal coverage of the spinal
cord to enhance contrast between white and gray matter. Full body
CT scans at 0.3e0.5 mm isotropic resolution were acquired to
distinguishbone fromair-filled cavities.MRandCT imagingvolumes
were co-registered with an image processing toolbox (3D Slicer).
Tissues for which electrical conductivity values were to be assigned
were segmented, including skin, fat, muscle, bone, intervertebral
disks, cerebrospinal fluid (CSF), gray matter, white matter, air, and
sinus cavities. Manual segmentation was carefully performed to
avoid errors due to residual image artifacts, ensure continuity of
tissue layers, and refine relevant anatomy. The electrodes used for
tsDCS simulations were added to the model with a mesh-to-voxel
software (ScanIP þ CAD) to generate Computer Aided Design-
generated sponges (3 � 3 cm) on the skin surface.

We used the computational FEM to model tsDCS and simulate
current density. Adaptive tetrahedral meshes were generated with
a voxel-based meshing algorithm (ScanIP þ FE) for FEM modeling
(COMSOL). Electrostatic volume conductor physics [field equation:
(V,ðsVVÞ ¼ 0)] and electrical conductivities (in S/m) were applied
[Skin, 0.465; fat 0.025; muscle, 0.2; bone, 0.01; CSF or fluid, 1.65;
gray matter, 0.276; white matter, 0.126; air, 1e-6; saline sponge, 1.4;
based on [41,42]]. Inward current (1 mA) and ground (V ¼ 0)
boundary conditions were applied at the anode and cathode
respectively. The intensity of electrical stimulation was derived by
linearly scaling the resulting field equation. FEM maps of current
density and electric field were calculated for the whole volume
model. The hindquarters and lumbar cord had little/no impact on
the solved models and were truncated to emphasize the current
density magnitude across the cervicothoracic axis. Inter-segmental
differences were further compared by estimating the mean across



Fig. 3. Cathodal tsDCS augments MEP size.
A and B. Representative MEP responses for the biceps (A) and ECR (B) in the same
animal before (preDC, black trace) and during 2 mA or 4 mA tsDCS (top and bottom,
respectively; traces averaged and smoothed). C and D. Intensity-dependent neuro-
modulation of MEP area. Biceps responses (C) showed augmentation above baseline
(1.0 MT, dotted line) with each intensity, whereas ECR (D) increased with 3 mA and
above (‘ þ ’; mean ± SEM). Generally, higher intensities of tsDCS produced larger MEPs
than lower doses (horizontal lines connect differences between bars). The insets show
linear regressions for individual subject data (symbol error bars ± SEM; regression
error bands ± 95% C.I.). E. Curve-fit for tsDCS intensity on MEP responses. A linear fit
was robust for biceps and a sigmoidal fit was better for ECR (symbol error
bars ± SEM)].

Fig. 2. Workflow for Finite Element Method (FEM) computational modeling. Co-
registration and segmentation of the whole-body multi-image model. A. Representa-
tive image of tissue elements at midsagittal (MR-T1-weighted); and B. transverse (MR-
proton density-weighted) planes. Examples of tissue segmentation are shown in the
MRI scans (light blue ¼ CSF; dark blue ¼ major cavities; yellow ¼ bone). The white
arrow in the midsagittal image (A) marks the plane of the transverse image (B). C.
Skeletal bone detail (CT; inset shows MRI radiofrequency coil positions). D. Rendering
of the realistic whole-body model. E. FEM model of the electric fields (black lines)
generated between the dorsal (target) and ventral (return) cutaneous electrodes (black
flux squares). The proportional magnitude of electric current in the spinal cord is
represented as a density colormap (low ¼ blue; high ¼ red). The illustration is for the
rostral-tsDCS montage (inset). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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white and gray matter components of slices extracted in the
transverse plane. Focality was calculated by extracting adjoining
slices (0.5 mmX 5 slices) centered on the peakmagnitude in C4 and
C8 segments. Our workflow adopted best practices from prior
image-derived tsDCS models in humans and our prior study in the
rat [33,43e45].
2.7. Statistical analyses

Statistical comparisons were performed with Prism 9.2
(Graphpad, USA). Variability between animals was examined with
regression analyses to compare slopes and intercepts. Changes in
the EMG response from baseline in each condition were detected
with one-sample t-tests. Differences between conditions were
compared with Mann-Whitney (MW) or Kruskal-Wallis (KW). Post
hoc tests were performed using Bonferroni or Dunn's methodswith
alpha adjustments to control for familywise error. Mixed-model
effects were analyzed with two-way ANOVA and Holm-Sidak post
hoc, and Welch's multiple comparisons with Holm-Sidak correc-
tion. Trends across conditions were explored with linear regression
slope comparisons and curve fitting (Sy.x and R2).
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3. Results

3.1. Realistic whole-body cat model of tsDCS using MRI and CT

This is the first feline FEM model. tsDCS parameters were
informed with FEM modeling using a realistic whole-body recon-
struction from MRI and CT scans. Such models are standard tools
informing the relationship between applied dose (intensity and
electrode locations) and resulting current flow in target tissue [46].
There is enhanced model resolution through the use of co-
registration of post-mortem CT and MRI (0.2e0.3 mm voxels).
Representative MRI sections are shown with overlayed segmented
tissue mask outlines (Fig. 2A; T1-weighted sagittal slice; Fig. 2B,
proton density-weighted transverse slice) and bones from CT im-
aging (2C, coil locations are indicated in the inset). The rendering of
the resulting segmented masks (Fig. 2D) shows the precise repre-
sentation of tissues. The resulting FEM model of current flow
(Fig. 2E) for the rostral electrodemontage illustrates both the global
current flow pattern (black flux lines) and the detailed current flow
through the spinal cord (false color). The periodic regions of local
current density maxima on the dorsal surface of the spinal cord
reflect lower-impedance intervertebral spaces. No significant cur-
rent flow reaches the brain or lower thoracic segments. The model
predicts, with high spatial resolution, the spatial pattern and peak
intensity of the current density produced within the spinal cord
and peri-spinal tissues.

3.2. tsDCS neuromodulation of cortical motor output is rapid and
current intensity-dependent

To assess the neuromodulatory effect of tsDCS on motor output
we first compared the MEP responses from biceps and ECR muscles
recorded before and during tsDCS applied through the rostral
montage at different cathodal intensity (1e5 mA). Motor cortex
stimulation evoked a MEP that corresponded to a multiphasic
compound muscle action potential. Cathodal tsDCS produces an
acute current-dependent change in MEPs, with both biceps
(Fig. 3A) and ECR (Fig. 3B) output increasing with increased applied
current (Fig. 3C and D). For each muscle group, neuromodulation
intensity-response was quantified across animals for 1e5 mA.

For biceps, cathodal tsDCS applied through the rostral-montage
significantly increased MEP amplitude above baseline at all
Fig. 4. Anodal tsDCS at high intensity reduced MEP area. The polarity of tsDCS was
reversed with the rostral montage to determine dose-dependent neuromodulation
with anodal tsDCS. MEP responses for biceps (A) and ECR (B) showed no change with a
low intensity dose whereas using 5 mA reduced MEP area below baseline (‘ þ ’;
mean ± SEM) and below the low dose (‘*’). The inset shows regression plots for in-
dividual subject data (symbol error bars ± SEM; regression line ± 95% C.I.).
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intensities tested (Fig. 3C), notwithstanding differences in indi-
vidual animal (inset) sensitivity [1 mA t(46) ¼ 3.03, P < 0.01þ;
2 mA t(55) ¼ 4.32, P < 0.001þ; 3 mA t(33) ¼ 6.10, P < 0.001þ;
4 mA t(54) ¼ 6.97, P < 0.001þ; 5 mA t(45) ¼ 7.19, P < 0.001þ]. There
was a significant increase in biceps motor output enhancing with
tsDCS intensity from 1 mA (~20% increase) through 4 mA (~50%
increase), with no significant difference between from 4 mA to
5 mA [KW: H ¼ 19.79, P < 0.001*; Dunn 1 < 4, 1 < 5, 2 < 5].

Cathodal tsDCS, through the same rostral montage, also in-
creases ECR motor output, but a qualitatively different intensity-
response than biceps output (Fig. 3D). Across animals, there was
no significant increase above baseline in ECR output at 1 and 2 mA
[1 mA t(66) ¼ 0.31; 2 mA t(40) ¼ 2.02, P's > 0.05]. Three mA tsDCS
increased ECRMEPs by ~35%; 4e5mA also increased ECRMEPs, but
not more than 3 mA [3 mA t(32) ¼ 8.61; 4 mA t(55) ¼ 4.58;
5 mA t(45) ¼ 3.88; P's < 0.001þ; KW: H ¼ 35.71, P < 0.001*; Dunn
1 < 3, 1 < 4, 1 < 5]. In sum, tsDCS increased ECR motor output;
however, the relative effect was smaller and saturated at a lower
tsDCS intensity then biceps motor output.

The tsDCS average intensity response for biceps was well
approximated by a linear fit (Fig. 3E, R2 ¼ 0.89; Sy.x ¼ 6.28). The
average intensity response for ECR was better fit by a sigmoid
(Fig. 3E, Sy.x ¼ 4.19) than a linear fit (R2 ¼ 0.46; Sy.x ¼ 11.37).
Multiple comparison between the change in response level in-
dicates that biceps increases were greater with 1, 4 and 5 mA
compared to ECR (Welch's with Holm-Sidak correction).

We further assessed if motor output augmentation by cathodal
tsDCS (rostral montage) increases over time with tsDCS (i.e., ‘wind-
up’) or if maximal modulation occurs immediately with the start of
tsDCS. For biceps and ECR, regression slopes of pooled MEP re-
sponses across trials were flat during modulation by 2 or 5 mA
tsDCS [F(3,72) ¼ 0.67, P > 0.5; pooled slope ¼ �0.33], indicating that
the MEPs were augmented rapidly and maintained. In summary,
we observed rapid augmentation of MEP amplitude when tsDCS
was applied and this enhanced response-level was sustained across
trials.

3.3. Reversing polarity to anodal tsDCS suppressed the motor
output at higher doses

We and others have previously shown that anodal DC stimula-
tion can have opposite effects of cathodal stimulation, but with
asymmetric sensitivity [13]. Modulation of biceps and ECR motor-
output by anodal tsDCS was measured at low (2 mA) and high
doses (5 mA). Using 2 mA stimulation (Fig. 4A and B), MEPs for
biceps and ECR responses were not different from baseline [biceps
t(49) ¼ 0.15; ECR t(52) ¼ 0.19, P's > 0.05]. Five mA anodal tsDCS
significantly suppressed MEPs for biceps (Fig. 4A) and ECR (Fig. 4B)
responses [biceps t(48) ¼ 2.11; ECR t(55) ¼ 4.32, P's < 0.05þ]. Sensi-
tivity at anodal 5 mAwas not significantly different between biceps
(22% mean decrease) and ECR (28% mean decrease) [MW: U ¼ 172,
P > 0.6]. The degree of suppressed response during 5 mA was flat
across trials for biceps and ECR [F(1,35) ¼ 0.64, P > 0.4; pooled
slope ¼ 0.47]. Individual animals responded similarly to anodal
tsDCS (insets).

3.4. Motoneuron pool distributions predict differential montage
targeting

MEP facilitation or suppression during tsDCS must involve a
change in motoneuron recruitment (threshold, rate). We hypoth-
esized that the increased sensitivity of tsDCS to augment the biceps
more than the ECR the rostral montage is related to the rostro-
caudal distribution of motoneuron cell bodies. We retrogradely
traced biceps and ECR motoneurons and estimated the distribution



Fig. 5. Segmental distribution of motoneurons.
A. Micrograph of fluorescent-labeled motoneurons traced retrogradely from biceps (left) and ECR (right) in the same transverse section at C6. Expansion of the ventral horn il-
lustrates the motoneuron somata for biceps (B) clustered primarily in a central region (double arrow), and occasionally clustered near the dorsolateral border (single arrow). ECR
motoneurons (C) were only found clustered near the dorsolateral border (single arrow). D. Segmental distribution of motoneurons (mean value; shading indicates density) for
biceps (left) and ECR (right). The biceps pool of motoneurons was more prevalent in rostral segments and the ECR was denser caudally (<>; indicates direction for significant
differences). E. Model detail of the cervical column from the dorsal (posterior) perspective. The spinal cord (green) with the vertebrae (gray) were aligned with anatomical dis-
sections of the spinal segments in D. Calibrations in A, B, C, 500 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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of labeled motoneuron pools (Fig. 5). A representative C6 micro-
graph (Fig. 5A) shows CTB-labeled biceps (5B) and ECR (5C) mo-
toneurons. Biceps motoneurons were found predominately in a
central region of the ventral horn (Fig. 5B, double arrows), consis-
tent with prior reports in the cat [47]. Clusters, sometimes visual-
ized in the same section (Fig. 5B, single arrow), were observed near
the dorsolateral border of the ventral gray matter, abutting where
the ECR motoneurons were observed (Fig. 5C, arrow). The density
of the motor neuron pools (Fig. 5D, shading) indicates the biceps
motoneurons were denser in rostral segments, whereas the ECR
motoneurons were denser caudally. The density maps are aligned
with a reconstruction of the cervical and upper thoracic spinal cord
(Fig. 5E). There was an interaction between the density of soma for
each muscle group and spinal segment [two-way ANOVA
F(5,482) ¼ 52.19, P < 0.001; Bonferroni C4#: Biceps > ECR; C5#:
Biceps > ECR; C6#: Biceps > ECR; C8#: Biceps < ECR; C3 and C7 n.s.].
At C3, we only found biceps motoneurons and the density was low.
The biceps motor pool was more prevalent throughout C4eC6 and
motoneuron density peaked at C6. The ECR pool was more caudal
and motoneuron density peaked at C8.
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3.5. Whole-body tsDCS computational maps reveal montage-
dependent current focality

The forgoing analysis demonstrated a relatively larger effect of
the rostral-montage cathodal tsDCS on biceps than ECR MEP
enhancement and that this difference is associated with a more
rostral biceps motor pool location than ECR. These findings suggest
that the rostral cathode location may have selected for the
rostrally-located biceps motoneurons and associated presynaptic
circuits. We contrasted simulated spinal current density for the
rostral montage (as tested above; Fig. 6 A1-3) with the caudal
montage (Fig. 6 B1-3). With the rostral montage (Fig. 6 A1-3), tsDCS
current density is higher rostrally (C4 segment) and lower caudally
(C8 segment). Most of the spinal current flow (at >75% of peak) was
restricted to approximately three segments from caudal C3 to
rostral C6. tsDCS through the caudal montage produced maximal
current flow (at >75% of peak) through C7, C8, and also in T1 (Fig. 6
B1-3). Note, the periodic modulation of current density corre-
sponds to the vertebrae (reduced intraspinal current density) and
intervertebral spaces (increased current density). Maps of the
electric field magnitude (Fig. 6 A4,5; 6B4,5) show direction and
predict areas of relative membrane polarization. Note that reversal
of electrode polarity reverses the direction of current flow across



Fig. 6. Realistic whole-body computational maps of tsDCS current flow.
FEM model predictions of tsDCS current flow and electric field across tissue layers for the rostral (A) and the caudal (B) montages (colormap; low density ¼ blue; high ¼ red). The
global (A1, B1) and intraspinal current flow from midsagittal (A2, B2) and transverse (A3, B3) slices (arrows in A1 and B1 point to the middle of the target electrodes; scales are the
same in A1-3 and B1-3). Current density is higher in the gray matter compared to white matter reflecting its lower resistivity. Maps of the electric field magnitude (A4,5; B4,5) on
the transverse sections shown in A3 and B3 respectively. Electric field direction is represented by the cones. C. Distribution of current density in the cervicothoracic cord. The
magnitude of current density shifts across the spinal axis and peaks between the intervertebral spaces (raw values on left y-axis; dark solid lines). Gaussian fit of the raw data (thick
solid lines; ± 95% C.I.) is overlaid and the effect of normalization (red dimension lines) replotted on the right y-axis (dotted lines; ± 95% C.I.). The inset shows the segmental current
density for the raw and normalized values (±SEM) at C4 and C8 (0.5 mm x 5 slices; shaded bars). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Montage-dependent tsDCS modulation of MEP responses.
A. Effects of tsDCS-montage on MEP increases for biceps and ECR responses at motor threshold (MT). Rostral-tsDCS (orange) showed the largest MEP increase for the biceps whereas
caudal-tsDCS (brown) showed the largest increase for the ECR (‘þ’ indicates difference from baseline, ‘*’ indicates difference between muscle groups; mean ± SEM). B and C. Effects
on suprathreshold MEP recruitment (solid line) for biceps (B) and ECR (C) (recruitment baseline, colored dotted line) for each montage [‘*’ indicates difference between montage;
mean ± SEM]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the spinal cord; the absolute values remain the same. The magni-
tude of the field is represented by cones that are proportional (in
size) to the electric field at the cone base. Due to its greater con-
ductivity, the gray matter has a lower electric field than the white
matter despite having a higher current density. However, direct
comparisons between gray matter and white matter electric field
should be cautioned because of potential differences in the excit-
ability of those tissues.

Plotting the predicted rostro-caudal (i.e., axial) current density
for the two montages (Fig. 6C) shows a current flow bias toward
either rostral or caudal segments for the rostral and caudal-
montages, respectively. The single large peaks for each montage
on the Gaussian plots (see below) corresponds to the rostral cer-
vical and caudal cervical-rostral thoracic current density ‘hot spots.’
The periodic peaks in current density, evident on the raw traces,
correspond to the intervertebral spaces. There is an intersegmental
reversal in rank order of the C4 and C8 targets between the rostral
and caudal montage [Fig. 6C inset; F(2,24) ¼ 454.70, P < 0.001*]. The
rostral montage had a larger rostro-caudal magnitude of the cur-
rent density and electric field strength relation for intraspinal
current than the caudal montage. This reflects scaling by stimula-
tion intensity; we applied the same current for both montages
despite less current flow through the upper trunk. Total spinal
current flow across montages was fit to a Gaussian function (Fig. 6C,
solid lines) and then scaled (i.e., normalized) to the mean (Fig. 6C,
dashed lines). When the magnitude functions were normalized to
each distribution mean, the reciprocal differences at C8 were larger
(Fig. 6C inset, dotted lines).

3.6. Spinal cord neuromodulation of forelimb proximal and distal
motor output is montage-specific

We next tested the hypothesis that the more rostral cathode
montage would preferentially enhance biceps, whose motor pool is
located rostrally, while the more caudal montage would preferen-
tially enhance ECR, whose motor pool is located caudally. We
recorded threshold MEPs for each location and compared re-
sponses during 4 mA tsDCS. For the rostral montage, there was
stronger potentiation of biceps than ECR MEPs with motor
threshold testing; whereas for the caudal montage, there was
strong potentiation of ECR MEPs but no change in biceps (Fig. 7A,
‘þ’ indicates difference from baseline, Bonferroni corrected). The
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level of MEP potentiation with rostral 4 mA tsDCS was smaller for
the biceps in the intensity group (59%; Fig. 3C) compared to the
montage group (86%) [unpaired t(182) ¼ 2.45, P < 0.02]. There was
no difference for ECR responses between the intensity (29%;
Fig. 3D) andmontage (17%) studies [unpaired t(182)¼ 1.63, P¼ 0.10].
This double dissociation of cathode location (rostral or caudal) and
dominant muscle response (biceps or ECR) parallels the model's
prediction (Fig. 6C inset).

We next determined if the differential neuromodulatory ef-
fects of cathode location affected the capacity to recruit larger
MEPs with stronger cortical stimuli. Recruitment reveals the ca-
pacity for a progressively greater corticospinal descending drive
to activate muscle [48e50]. For biceps, the rostral montage
enhanced recruitment; the caudal montage was ineffective
[Fig. 7B, two-way interactionF(2,351) ¼ 5.99, P < 0.001*;
montageF(1,351) ¼ 75.96, P < 0.001*; Holm-Sidak: Rostral > Caudal].
For ECR, the caudal montage was much more effective than the
rostral electrode in enhancing recruitment [Fig. 7C, two-way
interactionF(2,360) ¼ 3.52, P < 0.001*; montageF(1,360) ¼ 50.42,
P < 0.001*; Holm-Sidak: rostral < caudal]. Biceps increases were
greater with the rostral position using 1.2 and 1.4 MT compared
to ECR, and the reverse was true for the caudal (Welch's multiple
comparisons with Holm-Sidak correction). These findings show
that cathodal tsDCS can enhance biceps or ECR responses with
montage-selective targeting which associates with the ros-
trocaudal distributions of their motoneuron pools.

4. Discussion

In this translational study, we developed a framework for the
rational design and testing of tsDCS interventionsdincluding the
use of acute MEP changes as an immediate biomarker of cortico-
spinal modulation and integrating segmental FEM current flow
models with rostrocaudal motor pool representations. The model
has enhanced spatial features compared with prior studies,
including co-registration of high-resolution MRI and CT, which are
optimal to resolve soft and ossified tissues, respectively. MRI and CT
were from post-mortem specimens, which eliminate movement
artifacts. We show that non-invasive tsDCS can facilitate cortico-
spinal drive for one muscle preferentially over another, depend-
ing on electrode location, showing targeting of tsDCS intervention.
We identified an anatomical association between MEP selectivity
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and motor pool rostrocaudal location. Computational modeling
informed an anatomical mechanism for this selectivity, whereby
the cathode location that was effective for MCX-evoked biceps
(proximal muscle) activation steered more current rostrally in the
cervical cord, and the location effective for ECR (distal muscle)
activation steered more current caudally. Clinical effectiveness and
mechanism-driven therapy depends on methods to guide tsDCS to
target motor functions. The framework we developed provides a
path to achieve and optimize motor specific responses to help
guide tsDCS neurorehabilitation after injury.

4.1. Montage focality reveals that motoneurons are a target of
tsDCS action

Consistent with other studies [13], cathodal tsDCS enhancement
and anodal suppression of corticospinal output did not require
substantial time to build (i.e., no wind-up period). This rapid
response is more consistent with a direct action on ionic fluxes
determining neuronal excitability [30] than long-term plasticity,
which has been suggested for tDCS [51]. It is well established that
direct current application within the spinal cord immediately po-
larizes afferent fiber terminals and modulates 1A afferent EPSPs
into motoneurons [19,52e54]. Cervical c- and a-tsDCS in rats both
induce immediate enhancement of spontaneous forelimb motor
unit firing during stimulation, albeit cathodal greater than anodal
[30]. Only c-tsDCS produced persistent enhancement in sponta-
neous motor unit firing, an excitability change that is abrogated by
voltage-gated Ca2þ channel blockade, suggesting activation of a
motoneuron persistent inward current (PIC) [30]. The high density
of voltage-gated Ca2þ channels in motoneuron dendrites and the
extensive dendritic arbor [55e58] may confer higher sensitivity of
motoneurons to tsDCS than other neuron types. Differential
response to cathodal versus anodal tsDCSmay be explained by non-
linear and spatial motoneuron properties, including the non-linear
characteristic of motoneuron membrane channels [56]; proximity
to the current source, and the orientation of the dendritic arbor,
which governs the amount and direction of membrane polarization
[55]. However, the neurophysiological consequences of tsDCS po-
larity will depend on network connectivitydincluding inhibitory
neuron functiondas well as state, which are complex to consider.
The association between montage-specificity and motor pool lo-
cations, with a higher density of biceps motoneurons in rostral
segments and ECR motoneurons, caudally [47], support spinal
motoneurons as a target of tsDCS and can explain the regional
extent, or ‘receptive field,’ of tsDCS neuromodulation on cortico-
spinal drive.

4.2. Modulation of descending MCX signaling

The MCX acts on spinal motoneurons through monosynaptic
and oligosynaptic spinal interneuronal paths and via brain stem
projections in a species-dependent manner (e.g., cortico-
reticulospinal tract) [1]. Whereas in humans and many non-
human primate species monosynaptic connections are present, in
the cat the shortest CST-to-motoneuron path is disynaptic [59].
MCX stimulation and voluntary muscle recruitment can produce
muscle responses through any or all of these routes [60,61].
Moreover, descending cortical signaling may preferentially activate
reticulospinal than corticospinal tracts after SCI due to corticospinal
tract axon loss and reticulospinal axon sparing and plasticity
[62,63]. In addition tomotoneurons themselves, two features of the
spinal underpinnings of proximal-distal muscle control that have a
rostro-caudal organization may be affected differently by tsDCS.
First, propriospinal and segmental interneuronsdwhich are
located rostrally and caudally, respectivelyddifferentially control
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proximal and distal muscle synergies [64]. These interneuron
classes have been identified in humans [65,66]. This differential
organization and susceptibility to neuromodulation is reminiscent
of the effects of cerebellar tDCS, which can modulate task-
dependent adaptation of arm/proximal movements; whereas mo-
tor cortex tDCS modulates adaptation of finger/hand movements
[67]. Tapping differentially into proximal and distal control circuits,
or other motor synergies, may engage underlying spinal circuitry
for motor control [68]. Second, MCX elbow flexor and wrist joint
zones have distinctive anatomical terminations in the rostral and
caudal cervical cord and, in turn, differential access to premotor
interneurons [69]. The rostral and caudal cathodal positions could
differentially target proximal and distal control circuits. Our
approach suggests that it is necessary to integrate segmental cur-
rent flow maps (from FEM simulations) with segmental represen-
tations of the postulated neuronal element targeted (e.g.,
motoneurons, interneurons, or fibers), to predict differential ac-
tions of tsDCS montages that enhance motor-specific interventions.
5. Conclusions

tsDCS is well-suited for use as a personalized therapy, including
in neurorehabilitation following injury. It is non-invasive and, we
show, can be MEP response selective. Three results of our study
would benefit human translation. First, image-based modeling
could be used to target segmental regions, similar to empirical
targeting of muscle effects in epidural spinal stimulation. This is
particularly important for spinal stimulation because of the com-
plex and segmental structural differences of the vertebra between
individuals (and across species), with low-impedance current entry
zones and segmental localization of motor circuits. Second, the use
of a clinically-based physiological biomarker for efficacydMEP
facilitation during stimulationdin conjunction with scaled esti-
mates of necessary currents provide rapid outcome feedback for
within-session optimization. Third, consider sampling multiple
muscle groups concurrently to yield a receptive field for effective
neuromodulation and input-output relations, given our demon-
stration of montage-specific motor effects and non-linearities in
threshold.
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