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Abstract: Spinal cord epidural electrical stimulation (EES) has been successfully employed to treat
chronic pain and to restore lost functions after spinal cord injury. Yet, the efficacy of this approach is
largely challenged by the suboptimal spatial distribution of the electrode contacts across anatomical
targets, limiting the spatial selectivity of stimulation. In this study, we exploited different ESS
paradigms, designed as either Spatial-Selective Stimulation (SSES) or Orientation-Selective Epidural
Stimulation (OSES), and compared them to Conventional Monopolar Epidural Stimulation (CMES).
SSES, OSES, and CMES were delivered with a 3- or 4-contact electrode array. Amplitudes and latencies
of the Spinally Evoked Motor Potentials (SEMPs) were evaluated with different EES modalities. The
results demonstrate that the amplitudes of SEMPs in hindlimb muscles depend on the orientation of
the electrical field and vary between stimulation modalities. These findings show that the electric
field applied with SSES or OSES provides more selective control of amplitudes of the SEMPs as
compared to CMES. We demonstrate that spinal cord epidural stimulation applied with SSES or OSES
paradigms in the rodent model could be tailored to the functional spinal cord neuroanatomy and can
be tuned to specific target fibers and their orientation, optimizing the effect of neuromodulation.

Keywords: spinal cord stimulation; epidural stimulation; neuromodulation; functional neuroanatomy;
spinal cord injury; pain; spatial-selective stimulation; orientation-selective stimulation; spinally
evoked motor potentials; rats

1. Introduction

Spinal cord epidural electrical stimulation (EES) has been successfully applied to treat
chronic pain [1] and to enable sensorimotor function in patients with spinal cord injury
(SCI) [2–9]. EES also demonstrated encouraging results in restoring blood pressure in
patients with SCI [10,11] and bladder control [12]. The mechanisms of EES and the role
of different targets are still the subject of discussion [13–17]. Different approaches were
proposed to optimize the distribution of the electrical field across key targets, dorsal roots,
and dorsal columns, by variation in the electrode number and configurations [2–4,18–20]. To
cover the complex geometry of the spinal targets and increase the specificity of conventional
EES, several epidural electrode arrays with high contact density were developed and
demonstrated some efficacy [21–23]. Low spatial selectivity and lead migration [24] remain
the key limitations of optimum spatial and temporal control during EES [13,25]. An
approach that could provide a flexible and adjustable orientation of electrical current is
highly desirable. Recently we demonstrated the critical role of the spinal cord functional
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neuroanatomy in the effect of EES to evoke motor-evoked responses [14] and evoked
compound action potentials (ECAP) [19] and proposed a segment-specific stimulation in
humans [15]. These findings suggest that a higher level of resolution and specificity of
EES can be achieved with spatial-selective and orientation-selective EES. As the spatial-
selective approach is limited by the density of the electrodes, recently, orientation-selective
stimulation has demonstrated selectivity in the activation of the brain structures [26–30].
This study, for the first time, implemented and compared Spatial-Selective and Orientation-
Selective Epidural Stimulation (SSES and OSES, respectively) to evoke Spinally Evoked
Motor Potentials (SEMPS) using four or three contacts on a four-channel electrode.

2. Materials and Methods

Surgery and implantations: Six adult male Sprague Dawley rats (300–350 g body
weight) were used in this study. The experimental procedures comply with the guidelines
of the National Institute of Health Guide for the Care and Use of Laboratory Animals and
are conducted in accordance with protocol approved by the Animal Care Committee at
the Mayo Clinic, Rochester, MN. (A00001833-16 Functional Restoration of Movement in a
Rodent Model of Paralysis. Approval date: 8 December 2016). The rats were anesthetized by
a single urethane dose (1.5 g/kg, IP). A mid-dorsal skin incision was made between T12 and
L6 vertebrae and paravertebral muscles were retracted as needed. Partial laminectomies
were performed at the T13-L1, L2, and L3-L4 levels. Four Teflon-coated stainless-steel wires
(AS632, Cooner Wire, Chatsworth, CA, USA) were tied together and a small notch made in
the Teflon-coating (~1.0 mm) on each wire was used as a contact, identified as (1) rostral,
(2) left, (3) right and (4) caudal. Distances between contacts in the rostral–caudal direction
are depicted in Figure 1A. The whole array was inserted through the T13-L1 window
and slid toward the desired location at L2. The bottom wire was routed caudally exiting
through the window at L3-L4. A Teflon-coated wire was stripped from the distal part
(~1 cm) and was inserted in the paravertebral muscle’s region on the left side and served as
a reference in CMES (Figure 1A), as a ground in SSES (Figure 2A), and as reference in OSES
(Figure 3A). All exposed tissues were irrigated liberally with warm, sterile saline solution
and closed in layers. During testing, the body temperature of the rat was maintained
at 36 ± 1 ◦C by using a water-circulating heating pad and subcutaneous administration
of 1.5 mL of warm saline solution (NaCl 0.9%) every two hours. Bipolar needle EMG
electrodes (Medtronic, Memphis, TN) were inserted bilaterally into the tibialis anterior (TA)
and gastrocnemius (medial or lateral, GAS) muscles and taped on the skin. EMG signals
were recorded (4000 Hz), amplified, and filtered (10 to 1000 Hz band-pass) using Lab Chart
(AD Instruments).

Stimulation paradigms: 10 consecutive pulses were delivered (pulse width 0.5 ms,
0.5 Hz) in 0.1 mA increments within a range between 0.2 mA and 1.2 mA. Characteristics
of EES using the four electrodes array for each protocol are described as follows: (1) CMES
was delivered using one contact lead at a time with the reference (Figure 1A), using a single
channel stimulator (A-M Systems, Sequim, WA, USA); (2) SSES was performed using the
four contact leads of the electrode array in eight combinations as depicted in Figure 2A.
SSES was delivered using 8 independent-channels stimulator (STG4008, Multichannel
Systems, Reutlingen); (3) OSES was delivered with the same electrode array and stimulator
as SSES but by using three contact leads as shown in Figure 3A. OSES was generated with
square waveforms as was originally introduced for deep brain stimulation (DBS) in [26]
and subsequently utilized in [27]. The relative current amplitudes I1, 2, 3 of the three
channels were chosen based on sinusoidal functions with phase offsets of 120◦, given by
the following:

I1 = I0 sin (Φ),
I2 = I0 sin (Φ + 120◦),
I3 = I0 sin (Φ − 120◦).

(1)

Here, I0 is the stimulation current amplitude and Φ governs the stimulation angle.
The electric field gradient is induced such that the principal direction is defined by the
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phase step along the sinusoids. The current distribution between the three stimulation
electrodes was chosen to generate incremental steps of 45◦ of reorientation of the electric
field gradients on the plane connecting the three electrodes. The angles of stimulation
were set such that 0◦/180◦ corresponds to the rostral–caudal direction while −90◦/90◦

corresponds to the left–right direction, respectively. Location of the cathode defines the
angle of stimulation. The angle 0◦ (360◦) was defined as the rostral angle of stimulation,
parallel to the longitudinal axis of the spinal cord [26]. For each angle of stimulation, ten
pulses were delivered as described above. The three EES paradigms: CMES, SSES, and
OSES were applied to each animal and are summarized in Table 1. Each experimental
session lasted for about 4 h.

Data analysis: For each EES paradigm, comparisons of the SEMPs from each recorded
muscle were performed at the different current intensities (Table 1). Early Responses (ER)
and Middle Responses (MR) [31–33] were manually determined using Clampfit 10.6.22
(Molecular Devices, LLC) as follows: (a) latencies were measured from the beginning of the
stimulus artifact considering two window times: 1.5 to 4.5 ms for ER and 4.5 to 10.5 ms
for MR; (b) amplitudes of SEMPs were defined as the “peak-to-peak” values. Latencies
and amplitudes were averaged (10 responses) for each stimulation current in all recorded
muscles. The amplitude of SEMPs was variable among muscles; thus, the averaged
amplitudes are reported as the percentage of the maximal response (100%) for MR in a
given muscle for each EES paradigm. MR obtained in a range of stimulation between 0.4 mA
and 0.8 mA are presented in the results, as MR represents the activation of spinal circuits
(mono- or disynaptic reflexes) [31]. Additionally, the range of stimulation (0.4–0.8 mA) was
selected due to the fact that at lower stimulation currents MR was absent (i.e., 0.1 mA) and
at higher intensities (above 0.8 mA) MR was “fused” with the ER component complicating
identification and comparison of MR, and to avoid decrease in MR at higher stimulation
currents as previously reported [31–33]. Increasing stimulation currents were expressed as
x times threshold (xT) for MR.

Statistical analyses: All data are reported as mean ± SE. Normality of data and
equal variance were tested with the Shapiro–Wilk and Brown–Forsythe test, respectively.
Statistically significant differences were determined using a one-way repeated measures
analysis of variance (ANOVA). The Holm–Sidak method was used to perform pairwise
multiple comparisons. Data that were not normally distributed were analyzed using the
Kruskall–Wallis test and pairwise multiple comparisons were performed using the Tukey
test. The criterion level for statistical significance was set at p < 0.05 for all analyses. All
statistical analysis was performed using SigmaPlot 14.0 (Systat Software, Inc., Chicago, IL,
USA). Averaged and normalized amplitudes were determined for right/left TA (RTA, LTA)
and GAS (RGAS, LGAS), and then comparisons in these muscles were made according
to the stimulation paradigm: for CMES, amplitudes were compared between electrode
leads; in SSES paradigm, comparisons between electrode configurations and their reverse
polarities were made; finally, amplitudes between angles of stimulation were compared in
the OSES paradigm.

Table 1. Summary of EES paradigms performed in this study.

EES
Paradigm Characteristics Pulses

CMES
4 electrodes array, electrical stimulation

performed each electrode at a time, 4
configuration, monopolar stimulation.

10 pulses for each stimulation
current
Range:

0.2–1.2 mA
Increments:

0.1 mA

SSES 4 electrodes array, 8 different configurations,
bipolar stimulation.

OSES
Electrical stimulation delivered every 45◦ in a

clockwise rotation using 3 electrodes, 9
different orientations.

Abbreviations: CMES, Conventional Monopolar Epidural Stimulation; SSES, Spatially Selective Epidural Stimula-
tion; OSES, Oriented-Selective Epidural Stimulation.
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3. Results
3.1. Conventional Monopolar Epidural Stimulation, CMES

First, we evaluated the amplitudes of MR with CMES. Cathodic stimulation was
delivered in each of the four contacts at a time: rostral, left, right, and caudal (Figure 1A) at
1.1 xT (0.4 mA), 1.2 xT (0.5 mA) and 1.3 xT (0.6 mA). An anode (red rectangle in Figure 1A)
was inserted on the paravertebral muscles on the left. Figure 1B shows an example of
averaged SEMPs (10 responses) recorded bilaterally in TA and GAS muscles, evoked at
1.1 xT, 1.2 xT, and 1.3 xT. ER and MR are highlighted in dark and light gray, respectively
(Figure 1B). The rostral electrode produced the highest bilateral amplitude responses in
both TA and GAS compared to caudal, left and right electrodes. At 1.1 xT no responses
were observed when stimulation was applied with the caudal contact in both TA and GAS.
Low-amplitude SEMPs at 1.1 xT and 1.2 xT were also observed (Figure 1B). The averaged
MR amplitudes for each muscle recorded across contact leads are shown in Figure 1C, when
CMES was delivered at 1.1, 1.2 and 1.3 xT (gray, dark gray and black lines, respectively).
Because consistent MR was obtained at 1.2 xT, avoiding overlapping with ER, SEMPs
amplitudes were used to construct plots as shown in Figure 1D. Higher amplitudes were
observed when stimulation was delivered at rostral compared to the caudal, left, and right
contacts; however, no significantly differences were found (p > 0.05, Figure 1D).
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Figure 1. Conventional Monopolar Epidural Stimulation, CMES. (A) The position of the contact leads
(black rectangles numbered 1, rostral; 2, left; 3, right and 4, caudal, cathodes) on the dorsal spinal
cord and the relative position of the anode (red rectangle). (B) Bilateral TA and GAS SEMPs recorded
during CMES delivered one electrode at a time in a representative experiment. Each trace is the
average of ten responses obtained with increasing stimulation intensities at 1.1 xT, 1.2 xT, and 1.3 xT.
(C) Averaged and normalized MR (mean ± SE%, n = 3) for bilateral TA and GAS for each contact
lead during CMES at increasing stimulation intensities expressed as x times threshold for MR. MR
amplitudes evoked at 1.2 xT were used to construct graphs in (D). Black and red lines represent the
median and mean, respectively. No statistically significant differences were found when comparing
MR across contact leads in any muscle. p > 0.05.
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3.2. Bipolar Spatial Selective Epidural Stimulation, SSES

Next, we evaluated the effect of SSES. We used the same 4-contact electrode array
(Figure 2A) to provide different bipolar electrode configurations and their reversed po-
larities resulting in 8 configurations (Figure 2B). MR amplitudes across tested muscles
were evaluated when SSES was delivered at 0.4 mA (1.1 xT), providing consistent results
with MR observed in each combination of the contact leads used for SSES as presented in
Figure 2B for a representative experiment (each trace represents 10 averaged responses).
Lower stimulation intensities (i.e., 0.2 mA) did not evoke MR in some configurations, while
stimulation at 0.6 mA produced overlapped ER and MR responses making it difficult to
compare amplitudes. Normalized and averaged MR amplitudes (±SE) evoked during SSES
are presented in Figure 2C (n = 3). Each bar plot corresponds to a bipolar configuration
(black bars, 1, 3, 5, and 7) and their reverse polarity (gray bars 2, 4, 6, and 8). Overall,
the maximum amplitudes were observed with configurations 1 and 8, while lower MR
amplitudes were found when SSES was delivered with the reversed polarities 2 and 4 for all
tested muscles (Figure 2C). All pair-wise comparisons across SSES electrode configurations
for each muscle were performed. In LGAS, no statistical differences were found when
comparing the electrode configurations and their reversed polarities (p > 0.05). Similar
results were found for LTA in all configurations (p > 0.05) (Figure 2C). For RGAS, a statistical
difference was observed when comparing the following configurations: 1 vs. 2 (p = 0.002),
1 vs. 3 (p = 0.028), 1 vs. 4 (p = 0.001), 1 vs. 5 (p = 0.002), 1 vs. 6 (p = 0.004), and 1 vs. 7
(p = 0.018). A similar pattern was found for RTA, and significant differences were found
when comparing the following configurations 1 vs. 2, (p = 0.002), 1 vs. 4 (p = 0.007), 1 vs. 5
(p = 0.045), 1 vs. 6 (p = 0.047), 2 vs. 3 (p = 0.014), 2 vs. 8 (p = 0.004), and 4 vs. 8 (p = 0.016)
(Figure 2C).

A summary of results for SSES, mean (±SE%) and comparisons between configura-
tions 1, 3, 5, and 7 and their reversed polarities (2, 4, 6, and 8) for bilateral GAS and TA are
shown in Table 2. Overall, comparison between different bipolar configurations indicates
the significant role of orientation of the electrical field on the threshold and amplitude
of SEMPs.

Table 2. Comparison of MR amplitudes (mean ± SE%, n = 3) during SSES in bilateral TA and GAS.

Muscle Configuration 1 Configuration 2 p Value

LGAS 59.09 ± 23.40% 21.83 ± 17.92% p > 0.05
LTA 82.04 ± 13.48% 19.76 ± 19.23% p > 0.05

RGAS 100 ± 2.98% 7.81 ± 2.65% p < 0.001
RTA 100 ± 9.67% 11.36 ± 5.45% p < 0.001

Configuration 3 Configuration 4

LGAS 47.85 ± 20.98% 11.23 ± 3.54% p > 0.05
LTA 69.91 ± 15.78% 20.06 ± 9.94% p > 0.05

RGAS 33.23 ± 17.60% 5.93 ± 3.97% p > 0.05
RTA 82.62 ± 7.85% 22.95 ± 22.40% p > 0.05

Configuration 5 Configuration 6

LGAS 21.81 ± 1.37% 23.28 ± 5.71% p > 0.05
LTA 13.25 ± 5.09% 23.57 ± 10.26% p > 0.05

RGAS 10.75 ± 10.75% 16.51 ± 13.09% p > 0.05
RTA 38.04 ±11.74% 39.21 ± 20.29% p > 0.05

Configuration 7 Configuration 8

LGAS 57.57 ± 23.98% 39.90 ± 30.58% p > 0.05
LTA 52.34 ± 27.37% 88.34 ± 6.12% p > 0.05

RGAS 28.80 ± 16.42% 66.06 ± 21.40% p > 0.05
RTA 54.77 ± 9.23% 93.16 ± 4.48% p < 0.05
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Figure 2. Bipolar spatial selective epidural stimulation, SSES. (A) The 4-contact multielectrode array
was used to deliver bipolar SSES at 1.2 xT in 8 different electrode configurations numbered 1–8. The
green rectangle represents the relative position of the ground (GND) electrode. (B) Averaged SEMPs
(10 responses for each trace) in a representative experiment across bipolar SSES configurations in
left TA. MR is highlighted by the light gray rectangles. Cathode (s) and anode (s) configurations are
shown on top of each trace. (C) Normalized MR amplitude (mean ± SE%, n = 3) in left/right TA and
GAS for each bipolar SSES configuration. Each bar plot corresponds to a configuration (1–8) as shown
in (B). Statistical differences were found when comparing configuration 1 vs. configurations 2, 3, 4, 5,
6, and 7 in RGAS. In RTA, statistical differences were found when comparing configurations 1 vs. 2,
4, 5, and 6; 2 vs. 3, 8; and 4 vs. 8. Black and red lines represent the median and mean, respectively.
* p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Orientation Selective Epidural Stimulation, OSES

Next, we evaluated the effect of OSES generated by the minimal number of electrodes
to produce OSES by selecting three out of four available contact leads (see Methods,
and [26]). The same 4-contact leads electrode was used in CMES and SSES (Figure 3A).
The orientation of the electric field gradient generated with OSES was changed at 45◦

intervals in a clockwise rotation (Figure 3). Examples of averaged SEMPs (ten averaged
responses) in LGAS produced by OSES delivered at 0.4 mA are shown in Figure 3B (MR are
highlighted by light gray rectangles). No MR were evoked at 0◦ (0.00 ± 0.0 mV), while at
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180◦ the highest MR was observed (0.41 ± 0.1 mV). OSES generated at the rest of the angles
produced a noticeable MR, measured as peak-to-peak amplitudes: 45◦ (0.18 ± 0.02 mV), 90◦

(0.15 ± 0.06 mV); 135◦ (0.22 ± 0.03 mV), 225◦ (0.19 ± 0.05 mV), 270◦ (0.12 ± 0.05 mV) and
315◦ (0.14 ± 0.06 mV). MR amplitudes were relatively similar during OSES orientation to
the right (45◦, 90◦ and 135◦) and to the left (225◦, 270◦ and 315◦) (Figure 3B). Representative
averaged SEMPs in one experiment with OSES delivered at 0◦, 45◦, 90◦, 135◦ and 180◦ at
three different stimulation intensities (1.1 xT, 1.2 xT, and 1.3 xT) are shown in Figure 3C.
Interestingly, no SEMPs were found during OSES delivered at 0◦, even at the highest
stimulation current tested (1.3 xT). Also, note that OSES at 1.3 xT at 135◦ and 180◦ evoked
ER superimposed with MR (dark gray and light gray rectangles, respectively). Based
on the results above, OSES at 1.2 xT was chosen to analyze MRs. Because no statistical
differences were found when comparing left vs. right SEMPs during OSES (TA, n = 6,
GAS n = 5, p > 0.05), left/right GAS, and left/right TA MRs were averaged for further
analysis. MR normalized amplitudes for left/right TA and GAS (mean ± SE%) evoked at
the different angles generated with OSES are shown in Figure 3D. In both TA and GAS,
a similar trend was noticeable, with lower amplitudes at 0◦ (360◦) and the highest at
135◦ and 180◦ as also shown in polar plots in the same Figure 3D. Only OSES at 135 and
180◦ was found to be significantly higher compared to 0◦ (360◦) in TA (p = 0.016), and
in GAS (p < 0.001) (Figure 3D). In GAS, OSES at 135◦ and 180◦ also exhibited a higher
amplitude compared to 270◦ (p = 0.017) (Figure 3D). Averaged MR amplitudes (±SE) across
angles of OSES are presented in Table 3. Then, the thresholds of MR depending on the
angle of stimulation were expressed as stimulation current (mA) necessary to evoke MR
during different angles of OSES and presented in Figure 3E for bilateral TA and GAS.
MR thresholds were compared across angles of OSES stimulation for left/right TA (n = 6)
and GAS (n = 5). For left/right TA, no statistical differences were found across angles of
stimulation. For left/right GAS, a higher current was delivered to evoke an MR threshold at
0◦ (360◦) compared to 45◦ (p = 0.002); 135◦ (p < 0.001); 180◦ (p < 0.001); 225◦ (p = 0.009) and
315◦ (p < 0.003). Finally, the averaged MR latencies obtained at each angle of stimulation
are shown in Figure 3F for left/right TA (n = 6) and GAS (n = 5), demonstrating the usual
range for MR (4–10 ms) highlighted by light gray rectangles. No significant differences in
latencies across angles of OSES for TA and GAS were found (p > 0.05).

Table 3. MR amplitudes normalized (%) for TA and GAS during OSES. Values are presented as
mean ± SD % (TA n = 6; GAS n = 5). Comparisons between angles for left/right TA and left/right
GAS are represented by symbols.

OSES
(Degrees)

MR Amplitude Normalized (Mean ± SD%)
Left/Right TA Left/Right GAS

0 (360) 2.15 ± 5.69 * 1.70 ± 4.82 #§

45 28.33 ± 30.11 37.59 ± 31.47
90 30.32 ± 34.90 39.32 ± 31.05

135 67.18 ± 32.68 * 79.59 ± 24.60 #¥

180 59.90 ± 36.68 78.91 ± 24.60 §£

225 53.97 ± 43.25 40.43 ± 33.50
270 19.24 ± 30.64 23.61 ± 32.64 ¥£

315 42.80 ± 36.86 38.69 ± 40.77

* p = 0.016, # p < 0.001, ¥ p = 0.017, § p < 0.001, £ p = 0.018.
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between 135° and 180° vs. 270°. (E) MR thresholds (mean ± SE mA, n = 5) during OSES in bilateral 
TA (left panel) and GAS (right panel), at each angle of stimulation. Statistical differences were found 
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turned out to be in the expected range for MR as depicted by the light gray rectangles. * p < 0.05, ** 
p < 0.01, *** p < 0.001. (n = 5). 

Figure 3. Orientation Selective Epidural Stimulation (OSES). (A) A total of 3 contacts of the 4-contact
lead were used to deliver OSES every 45◦ in a clockwise direction. Red rectangle represents the relative
location of anode. Arrows indicate the direction of the electric field. (B) SEMPs in a representative
experiment during OSES in left GAS at 1.2 xT. (c) SEMPs evoked in left GAS at increasing stimulation
currents at 1.1 xT, 1.2 xT and 1.3 xT from 0◦ to 180◦. Dark and light gray rectangles highlight ER
and MR, respectively. Traces shown in (B,C) correspond to ten averaged responses. (D) Normalized
MR amplitudes in bilateral TA (left panel) and GAS (right panel) during OSES delivered at 1.2 xT.
Statistical differences were found when comparing 0◦ vs. 135◦ and 180◦ on left/right TA. In left/right
GAS, significant differences were found when comparing 0◦ vs. 135◦ and 180◦, and between 135◦ and
180◦ vs. 270◦. (E) MR thresholds (mean ± SE mA, n = 5) during OSES in bilateral TA (left panel) and
GAS (right panel), at each angle of stimulation. Statistical differences were found in left/right GAS
when comparing 0◦ vs. 45◦, 135◦, 180◦, 225◦ and 315◦. (F) MR latencies across angles of stimulation
are shown for bilateral TA (top panel) and GAS (low panel) evoked at 1.2 xT. Values turned out
to be in the expected range for MR as depicted by the light gray rectangles. * p < 0.05, ** p < 0.01,
*** p < 0.001. (n = 5).

4. Discussion

The targeting of specific spinal cord structures with EES is essential for the develop-
ment of effective clinical protocols for spinal cord neuromodulation. In conventional EES,
the electrodes are placed on a dorsal surface of the dura mater that encases the highly
conductive cerebral spinal fluid, mediating the electrical field to the main targets, dorsal
columns, and dorsal roots [34,35]. In this multilayer system, the selectivity of the target
structure activation is limited by the number of electrode contacts, their spatial distribu-
tion, and the options to provide flexible adjustment in the orientation of the electrical
field. Spatial orientation of the dorsal spinal structures [36], electrical properties of the
spinal cord and nerve fibers [37,38], and direction of the electric field across stimulating
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tissues [35,36] are critical factors determining the effect of EES. Computational modeling of
EES suggests that activation of neural structures depends on the orientation of electrical
field gradients along the fibers [34], and is directly related to the dorsal root anatomy and
the angles between the fibers and the spinal cord axis [35,39,40]. The thick dorsal root fibers
are primarily recruited at the lowest EES intensities [41,42], and, particularly, Group Ia/Ib
and Group II afferents are the first neural elements depolarized during EES [43,44].

Previously, it was demonstrated that EES applied to the lumbar spinal segments can
activate dorsal and ventral roots reflecting the appearance of the motor-evoked responses at
different latencies in animals [31,32] and in humans [6,15]. In rats, MR appears in muscles
at lower EES current intensities, representing the activation of the low threshold Ia muscle
afferents in dorsal roots with latencies between 5 and 10 ms. At higher intensities, EES
activates ventral roots, producing a direct (ER) with a shorter latency of about 3–5 ms.
The difference in timing of these two responses is primarily due to an intraspinal synaptic
delay from dorsal root structures to ventral horn motor neurons [31–33]. We further
demonstrated that spinal neuroanatomy, and particularly the location and orientation of
the dorsal root in relation to the stimulating contacts, is a critical factor in determining
the magnitude of motor responses [14] or ECAP [19] as enabled via EES. Based on these
findings, we evaluated the segment-specific orientation of the dorsal and ventral roots in
humans, proposing a segment-specific stimulation approach [15]. These results emphasize
the importance of developing spinal cord spatial-selective protocols.

This study evaluates three different EES modalities by comparison of the amplitudes
of the MR. EES modalities were implemented with a four-contact leads electrode array to
provide conventional monopolar stimulation CMES, bipolar SSES, and OSES produced
by a minimal number of contact leads. With CMES, EES was delivered with one of four
monopolar configurations identified as rostral, left, right, and caudal, at a time. MR
amplitudes with CMES were related to the position of the stimulating electrode, i.e., EES
applied at the rostral contact produced higher MR amplitudes in all muscles compared
to the most caudal contact (Figure 1B–D). This further emphasizes the importance of
neuroanatomy in terms of the proximity of the electrodes to dorsal roots and segmental
location. Bipolar SSES was delivered by combining active contact leads and their reversed
polarities (Figure 2A,B). Although MR amplitudes exhibited a similar trend across tested
muscles, bipolar configurations 1, and 3 produced higher MR amplitudes compared to their
corresponding reverse polarities 2 and 4, respectively. Interestingly, significant differences
between electrode configurations were found just in the right GAS and TA, although
high variability between polarities was observed (Figure 2C). Variations in MR amplitude
are evident with reversed polarities, indicating the importance of the orientation of the
electrical field. As in the CMES protocol, higher MR amplitudes were found in SSES when
the rostral contact lead was used as a cathode (configuration 1) (Figure 2C).

Differences in MR amplitudes were more evident with OSES, where low MR ampli-
tudes or even absence of MR was observed at 0◦ (360◦), while higher amplitudes were
found at 135◦, 180◦ and 225◦ with a difference up to 60% compared to the rest of the angles
of stimulation (Figure 3B–D). With OSES, the distribution of electrical field delivered by
three-contact leads vs. common reference electrode (Figure 3) may spread in different direc-
tions compared to CMES and SSES. In fact, MR amplitudes during OSES were consistent
with the orientation of the dorsal roots, specifically at 135◦ and 225◦, as reported previously
for brain stimulation [26]. In this context, OSES represents a new approach to activate
specific neural pathways considering the orientation of the selected target fibers.

In general, an efficient targeting of axonal pathways could be accomplished by re-
orienting the gradients of the electric field using independently controllable channels,
an approach that we introduced recently in applications to DBS [26] for efficient target
stimulation in different brain areas [45]. With the appropriate independent control of
the electrode channels, a two-dimensional pattern of stimulation can be formed, and the
electrical fields can be generated to have a directionally dependent intensity, which can be
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spatially dependent or time dependent. Namely, gradients of the electric fields, dE/dl and
dE/dt, could be generated.

Notably, the orientation selective stimulation allows for independent control of the
amplitude, frequency, and phase of the current, or voltage, in each channel. Specifically,
the amplitude, frequency, or phase in a given channel may be constant or modulated
according to a channel-specific function. Using this independent control of the individual
electrode channels in the multichannel electrode, based on orientation selectivity, one
can generate electromagnetic fields that are capable of stimulating neurons or other cells
regardless of their orientation, or can generate spatially selective electromagnetic fields
to preferentially stimulate neurons oriented along specific directions. The directionally
dependent intensity during OSES can allow for preferential stimulation of neurons oriented
along particular directions, such as fiber bundles with anisotropic geometry, or a group
of axons oriented predominantly in one direction. This is advantageous to SSES during
which the directionality of the propagating electromagnetic wave is strictly governed by the
geometry of the contacts having invariant phases. Therefore, OSES provides greater angular
selectivity and flexibility for reorienting electric field’s spatial and temporal gradients on a
plane or in 3D space. Thus, larger differences in MR amplitudes which were evident with
OSES can be attributed to the greater flexibility of this method to generate more efficient
stimulation as compared to directional and monopolar stimulations.

To achieve full reorientation flexibility of the electrical field gradients on a plane,
a minimum of only 3 independently controllable channels distributed along a triangle
is required, while reorientation in space in 3D could be achieved with a minimum of 4-
channel electrodes, as we have recently shown for the stimulation of the infralimbic cortex
in the rat’s brain [27]. Orientation-selective (OS) DBS was demonstrated to be effective for
enhancing activation of specific networks also with multichannel electrodes with indepen-
dently controlled channels used for human therapy [30]. Specifically, OS activation can
be achieved using clinically available DBS leads composed of cylindrical contacts, which
enable selectively activating axons parallel and perpendicular to the lead shaft. Notably,
independent multiple current sources combined with a segmented lead provide selectivity
of stimulation that could be varied within −90◦ and 90◦. This suggests that greater acti-
vation of a target oriented perpendicular to a DBS lead could be obtained while avoiding
adjacent tracts coursing parallel to the lead shaft, indicating an important path for further
developments in pre-clinical and clinical applications. As such, with extensive progress
of multielectrode arrays with independently controlled contacts, stimulation in 3D space
could be achieved with sufficient flexibility [27].

Similarly, the OS concept could be applied for epidural stimulation of the spinal cord as
demonstrated here using rats. The current limitation, however, is that most electrodes used
for spinal cord stimulation in clinical practice employ multiple channels that are driven by a
single current source, thus limiting the possibility of reorienting the electric field gradient on
a plane by changing the current amplitude in each channel separately. Therefore, although
allowing steering flexibility (i.e., directing the electrical field in space to the target of
interest), the reorientation flexibility of the electrical field spatial gradients is largely limited
when using a single current source for all channels. This is also because each channel of the
commercially used human leads can be switched only between cathode and anode, and
thus the geometrical distribution of the contacts dictates the gradient’s orientation of the
electric fields. Because the use of multiple current sources is being increasingly exploited
for SCS, the wide availability of such electrodes opens wide opportunities for OSES of the
spinal cord for both research purposes and immediate treatment [29].

It should be emphasized that a relatively small group of animals is certainly a limitation
of this study. However, considering the total number of responses recorded in four different
muscles, we expect that the results are representative, despite the relatively small number of
animals used. Additionally, we included animals in which the full protocol was completed
with the three stimulation paradigms. In this sense, our results support the key statement
of this study and are highly relevant to the field of epidural electrical stimulation. Based on
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these findings, new stimulation paradigms could be generated to control pain and treat
spinal cord injury and other conditions.

In the spinal cord, the specificity of EES is dependent on a multitude of factors such
as conductivity of tissues between the electrode and the spinal cord, location and the
number of contact leads, and size of the electrode contact surface. A higher density of
contact leads and a combination of different spatial modalities might improve specific
targeting of the neural elements. For example, cat sacral nerves activity related to lower
urinary tract was accomplished with EES electrodes of 16 or 24 contact leads, providing
evidence of relatively selective stimulation using one active electrode at a time. “Hot spots”
as defined by the authors [46], could be targeted more effectively by spatially selective
approaches as the one used in this study. In this study, the small size of the rat’s spinal
cord limits the number of contacts that can be positioned over the targeted anatomical
region in a practical manner. Future experiments should reveal the feasibility of combining
the spatial-orientation modalities in awake animals with SCI to assess the facilitation
of motor responses during walking on a treadmill, i.e., improved walking compared to
conventional EES.

5. Conclusions

The present study, for the first time, compares spatial-selective modalities of EES of
the spinal cord. By assessing the variations in SEMPs, we demonstrate that SSES and
OSES could provide more selective activation of spinal cord structures depending on
chosen configurations or current orientation. The results show that the amplitude of motor
potentials in hindlimb muscles depends on the distribution and orientation of the electrical
field and varies between applied modalities of stimulation and that spatially selective
spinal cord stimulation can tune stimulation with a better motor outcome.

Further advancing this technique could lead to a new level of functional targeting of the
spinal cord structures and provide control of chronic pain, restoration of sensorimotor and
autonomic functions, and treatment of multiple neurological conditions with spinal cord
neuromodulation. Recent advanced stimulators with multiple independently controllable
leads and waveforms, e.g., Ilumina3D systems from Boston Scientific are available for EES,
thus opening a window of opportunities also for OSES in immediate clinical practice.
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