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a b s t r a c t

For patients who have lost sensory function due to a neurological injury such as spinal cord injury (SCI),
stroke, or amputation, spinal cord stimulation (SCS) may provide a mechanism for restoring somatic
sensations via an intuitive, non-visual pathway. Inspired by this vision, here we trained rhesus monkeys
and rats to detect and discriminate patterns of epidural SCS. Thereafter, we constructed psychometric
curves describing the relationship between different SCS parameters and the animal's ability to detect
SCS and/or changes in its characteristics. We found that the stimulus detection threshold decreased with
higher frequency, longer pulse-width, and increasing duration of SCS. Moreover, we found that monkeys
were able to discriminate temporally- and spatially-varying patterns (i.e. variations in frequency and
location) of SCS delivered through multiple electrodes. Additionally, sensory discrimination of SCS-
induced sensations in rats obeyed Weber's law of just-noticeable differences. These findings suggest
that by varying SCS intensity, temporal pattern, and location different sensory experiences can be
evoked. As such, we posit that SCS can provide intuitive sensory feedback in neuroprosthetic devices.
© 2021 The Author(s). 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/).
Introduction

Lack of sensory feedback from a brain-controlled actuator or
prosthetic device is a major hindrance to successful integration of
the neuroprosthesis in activities of daily life and rehabilitative
protocols [1e3]. The somatosensory cortex (S1) and thalamus have
been proposed as potential targets for neurostimulation that could
produce naturalistic somatosensory percepts [4e10]. However,
l Surgery, Indiana University

r Inc. This is an open access article
stimulating these brain areas requires surgical implantation of deep
intracranial electrodes e a procedure associated with significant
risks. While peripheral nerve stimulation provides a less invasive
alternative, sensations evoked with this method are highly local-
ized, and thus limited in their applicability as a general-purpose
sensory input pathway to the brain [11e13]. Previously, in a
proof-of-concept study it was demonstrated that electrical stimu-
lation of the dorsal surface of the spinal cord can be used to
transmit sensory information between multiple rodent brains [14].
Building on this previous work, here we explored whether
nonhuman primates can learn to detect and discriminate artificial
sensations generated with dorsal thoracic epidural spinal cord
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stimulation (SCS). To understand the relationship between SCS
parameters and sensory detection e which is critical for the
development of novel neuroprosthetic devices e we performed a
robust psychophysical evaluation of the animals' ability to detect
sensations while SCS parameters were altered. We also examined
how sensory discrimination changes when SCS parameters are
varied in both rodent and primate models, and we asked whether
animals can learn to discriminate sensations generated by SCS
patterns that vary in frequency and spatial location. After training
the animals to discriminate SCS patterns, we determined whether
artificial sensations evoked by SCS of variable frequency follow
Weber's law of just-noticeable differences (JND) - a critical property
defining sensory discrimination.

Results

We implanted three rhesus monkeys with percutaneous
epidural SCS electrodes at the dorsal thoracic spinal level and
trained them to perform a two-alternative forced choice task
(2AFC) using a joystick-controlled cursor (Fig. 1a, Supplementary
Figure 1). In a typical experimental session, a monkey was seated
in a chair in front of a monitor that displayed task-related cues. The
animals moved a hand-held joystick to control a cursor on a screen
(Fig. 1b).

A typical trial consisted of a brief 1 s center hold period after
which two targets appeared. After a brief preparatory period of
100e1000 ms during which a trial cue was presented, the monkeys
had to move the cursor into one of the targets to obtain a juice
reward. Monkeys were initially trained to identify the correct target
using a visual cue; however, during the experimental sessions, no
visual cues were presented, and they selected a target by inter-
preting SCS cues alone. In the detection task, monkeys had to select
the left target if SCS was delivered during the preparatory period
and right target if no SCS was delivered (Fig. 1c). In the
Fig. 1. Surgery and experimental task setup. a) We implanted three non-human primates (rh
the spinal cord. Leads were externalized from the lower back area and secured inside a custo
and connected to a custom pulse stimulator. b) Monkeys were seated in a primate chair in fr
in a two-alternative forced choice task (2AFC) by moving the joystick controlling a cursor on
cursor inside the center circle for 1 s. After that, targets appeared on the left and right side of
‘SCS-OFF’ cue when the targets appeared. After a brief, variable hold period (100e1000 ms),
to move the cursor inside the left target on ‘SCS-ON’ trials and inside the right target on ‘SC
stimulationwas delivered at 200 ms for 1 s. Monkeys had to select left target for 100 Hz stimu
discrimination task, monkeys had to choose left target when stimulation was delivered at
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discrimination task, monkeys had to select the left target for the
100 Hz stimuli and right target for the 200 Hz stimuli (frequency
discrimination) and the left target for electrode pair 1 and right
target for electrode pair 2 (spatial discrimination).

Monkeys learned to detect SCS stimuli

Monkeys M, O, and K learned to detect SCS-induced sensory
percepts evoked using percutaneous dorsal thoracic epidural
electrodes (T7 for monkey M, T5-T6 for monkey O, T5-T6 for
monkey K). Performance of all monkeys started below chance
levels of 50% and reached above 90% after learning (Fig. 2a). Mon-
key M started detection performance at 49% and reached a
maximum of 93% in 16 days; monkey O started at 49% and reached
a maximum of 97% in 10 days; and monkey K started at 41% and
reached a maximum of 90% in 8 days.

Electrode thresholds and electrode mapping

Once the monkeys learned to detect SCS sensations, we used
psychometric analysis to determine the detection thresholds for
different electrode combinations (Fig. 2b). We observed that the
detection thresholds varied from 315.6 mA to 340 mA for monkey O
and 197 mAe748 mA for monkey K for different cathode-anode
electrode pairs (Fig. 2c, right). Once electrode thresholds were
determined, we mapped the bipolar electrode pairs to locations on
the monkey's body by stimulating at suprathreshold amplitudes
and observing stimulation-induced minor muscle twitches or skin
flutter. We observed that muscle twitches/skin flutter were elicited
in the trunk and abdomen area only at suprathreshold values but
not at sensory threshold values (Fig. 2c). We also noted that in both
monkeys K and O experimentally determined sensory thresholds
were always lower than the observed motor thresholds for each
cathode-anode electrode pair (Supplementary Figure 3b).
esus monkeys) with SCS percutaneous leads over the T6-T10 dorsal epidural surface of
m plastic housing. Leads were manually accessed by the experimenter for daily training
ont of a computer monitor with access to a hand-controlled joystick. They participated
the screen in order to receive a juice reward. c) On each trial, monkeys had to hold the
the center. Monkeys were presented with ‘SCS-ON’ (biphasic, 100 Hz, 200 ms, 1 s) cue or
the center circle disappeared which indicated them to move the joystick. Monkeys had
S-OFF’ trials. Correct response resulted in juice reward. In the SCS discrimination task,
lus and right target for 200 Hz stimulus in the frequency discrimination task. For spatial
electrode pair 1 and right target for stimulation at electrode pair 2.
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Sensitivity to detection of sensory percepts in primates

Thereafter, we investigated the psychophysical relationship
between stimulation parameters and detection of sensory percepts
by varying stimulation amplitudes along with stimulation fre-
quency, pulse-width, or duration of stimulation while keeping the
other two parameters constant.

We varied amplitude from 50 mA to 800 mA for pulse-widths of
50 ms, 100 ms, 200 ms, and 400 ms for monkey K, and pulse-widths of
100 ms, 200 ms, and 400 ms for monkey O. Frequency and duration of
stimulation were held constant (Fig. 3a and 3e, and Supplementary
Figure 2a). We observed that stimulus detection threshold signifi-
cantly decreasedwith increasing stimulation pulse-width (p < 0.05,
repeated measures one-way ANOVA) for both animals (Fig. 3h).

We varied amplitude from 50 mA to 800 mA for frequencies of
10 Hz, 20 Hz, 50 Hz, 100 Hz, 200 Hz, and 500 Hz for monkey K, and
frequencies of 20 Hz, 50 Hz,100 Hz, 200 Hz, and 500 Hz for monkey
O while keeping pulse-width and duration of stimulation constant
(Fig. 3b and 3f, and Supplementary Figure 2b). We observed that
stimulation detection threshold significantly decreased with
increasing stimulation frequency (p < 0.05, repeatedmeasures one-
way ANOVA) for both animals (Fig. 3i).
Fig. 2. Monkeys learned to detect SCS stimuli. a) Learning curves (sigmoidal fits) for monke
training days. b) Psychometric function showing fraction trials detected as a function of stim
monkeys achieved 75% performance on detection task. c) Mapping of bipolar electrode pair
electrode at suprathreshold amplitude elicited minor muscle twitches or skin flutter. Mapped
right. Monkey body shape is adapted from Ref. [15].
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We varied amplitude from 50 mA to 600 mA for duration of
50 ms, 100 ms, 500 ms, and 1000 ms for monkey K, and amplitude
between 50 mA and 700 mA for duration of 50 ms, 100 ms, and
500 ms for monkey O, while keeping pulse-width and frequency of
stimulation constant (Fig. 3c and 3g, and Supplementary Figure 2c).
We observed that stimulation detection threshold significantly
decreased with increasing stimulation duration (p < 0.05, repeated
measures one-way ANOVA) for both animals (Fig. 3j).

In monkey K, we varied both frequency and duration of stimu-
lation while keeping amplitude and pulse-width of stimulation
constant. We observed that as the frequency of stimulation
increased, the duration of stimulation to reach detection threshold
decreased (Fig. 3d and 3k). Monkey K was able to detect a sensory
percept generated by merely two stimulation pulses delivered at
1000 Hz.

Sensitivity to detection of sensory percepts in rats

In a proof-of-principle study, we previously showed that rats
learn to detect sensations generated by SCS delivered at T2 spinal
level [14]. In order to study the psychophysical performance of rats
pertaining to sensory detection, initially we trained rats to detect
ys M, O, and K showing behavioral performance (fraction correct trials) as a function of
ulation amplitude in monkey O. Detection threshold is defined as amplitude at which
s (as indicated by pairs of±signs) on monkey K's body where stimulation on right-side
area is color coded by electrode pairs and corresponding sensory thresholds shown on



Fig. 3. Psychophysical evaluation of SCS sensory detection with varying stimulation parameters in primates. Once monkeys learned to detect SCS stimuli at the standard parameters
(frequency: 100 Hz, pulse width: 200 ms, duration: 1 s), we allocated different blocks of sessions where (pulse width & amplitude; panels ‘a’ and ‘e’); (frequency & amplitude; panels
‘b’ and ‘f’); and (duration & amplitude; panels ‘c’ and ‘g’) were varied while keeping other parameters constant. In monkey K, in a separate block, frequency and duration was varied
with other parameters constant (pulse width: 200 msec and amplitude: 325 mA). Psychometric curves in a-g are sigmoidal fits. Panels aed represent psychometric curves for monkey
K, while panels eeg represent psychometric curves fitted to data averaged across monkeys K and O (circles and error bars are mean ± sem). Panels h, i, j, indicate normalized

A.P. Yadav, S. Li, M.O. Krucoff et al. Brain Stimulation 14 (2021) 825e836

828



A.P. Yadav, S. Li, M.O. Krucoff et al. Brain Stimulation 14 (2021) 825e836
SCS stimuli using a 2-AFC task in a slightly modified behavioral
chamber (Fig. 4a and 4b). We trained five rats to detect SCS stimuli
delivered at the T3 spinal level (frequency: 100 Hz, pulse-width:
200 ms, duration: 1 sec, biphasic pulses at 243.7±57.9 mA, Fig. 4c).

Once rats learned the basic detection task, we varied stimulation
parameters such as: pulse width (50e400 ms); frequency
(10e500 Hz); and duration (50e1000 ms) independently with
stimulation amplitude (Fig. 5a, 5d e pulse width; 5b, 5e e fre-
quency; and 5c, 5f e duration). Similar to the results in monkeys,
we observed that stimulation detection thresholds significantly
decreased with increasing pulse-width (Fig. 5g, p < 0.0001,
repeated measures one-way ANOVA), frequency (Fig. 5h,
p < 0.0001, repeated measures one-way ANOVA) and duration
(Fig. 5i, p < 0.05, repeated measures one-way ANOVA) for all rats.
Sensory discrimination in primates

We then trained monkeys K and O to discriminate SCS that
varied in frequency as well as location of stimulation. On frequency
discrimination (100 Hz vs 200 Hz, Fig. 6a), monkey O's performance
improved from 29% on day 1 to 96% on day 17 of training, while
monkey K's performance improved from 74% on day 1to 81% on day
11 (Fig. 6b). Spatial discrimination was achieved by stimulating
electrode pair 1 versus electrode pair 2 (Fig. 6c), where monkey O's
performance improved from 46% on day 1to 97% on day 11 and
monkey K's performance improved from 74% on day 1to 86% on day
7 (Fig. 6d).
Sensory discrimination and Weber's law in rats

In a proof-of-principle study, we had previously shown that rats
can learn to discriminate up to four different patterns of stimula-
tion [14]. In our current work, we trained rats to systematically
discriminate SCS stimuli with specific frequencies using the same
behavioral setup that was used for the detection task
(Supplementary Figure 5a). In the basic training, rats learned to
discriminate between 10 Hz and 100 Hz of stimulation delivered at
pulse-width of 200 msec, and duration of 1 s (Supplementary
Figure 5b). Thereafter, we studied whether discrimination of sen-
sations induced by different stimulation frequencies follows the
rules of Weber's law [16], which states that Just-Noticeable Differ-
ences (JNDs) between a standard frequency and comparison fre-
quency should linearly increase with the standard frequency of
stimulation. To this end, we determined JNDs at different standard
frequencies (10e100 Hz) where the comparison frequency was
higher than the standard (Fig. 7a). We observed that JNDs had a
significant linearly increasing relationship with the standard fre-
quency of stimulation (Fig. 7b, p < 0.0001, linear regression test).
After that, we kept the standard as a higher frequency value
(100e400 Hz) and decreased the comparison frequency randomly
from that value (Fig. 7c). In this case also, we observed that the JNDs
for lower frequency comparison significantly increased linearly as
the standard frequency increased (Fig. 7d, p < 0.0001, linear
regression test). These results suggest that the JND rule defined by
Weber's law holds true for sensory discrimination of SCS
frequencies.
detection thresholds (normalized by maximum amplitude used in the experiment block
threshold were calculated as 75% fraction detected at the stimulation parameters shown
calculated using repeated measures one-way ANOVA. Panel k shows threshold duration ob
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Discussion

In this study, we found that rhesus monkeys and rats can learn
to detect and discriminate artificial sensations induced by SCS
following several days of exposure. The threshold for detecting SCS
decreases with increasing pulse width, frequency, and duration of
the stimulus. We also documented the ability of monkeys to
discriminate sensations that are generated by stimulation pulses
with varying frequency and spatial location. In rats, we showed that
the just-noticeable differences (JNDs) from a perceivable stimulus
frequency were linearly related to the perceivable frequency when
it was compared with a stimulus that had either higher or lower
frequency. These results demonstrated the unique ability of SCS as a
novel transmission channel to the brain to encode highly contex-
tual sensory information.

Our results on behavioral sensitivity to detection of sensation in
rodents and primates were comparable to those observed with
Intracortical Microstimulation (ICMS) of S1 [5,17]. Notably, sensi-
tivity to stimulus amplitude increased with increasing pulse width,
frequency, and duration of stimulation. However, longer pulses
needed significantly higher charge to reach threshold in both pri-
mates (Supplementary Fig. 4a, 4b, and 4c, p < 0.05 e repeated
measures one-way ANOVA) and rodents (Supplementary Fig. 4d,
4e, and 4f, p < 0.0001 e repeated measures one-way ANOVA),
similar to that observed in the ICMS study [5]. ICMS amplitude
using currently FDA-approved UTAH arrays is usually restricted
below ~100 mA due to the possibility of brain tissue damage, which
limits the amplitude range for neuroprosthetic applications be-
tween detection thresholds of 20e50 mA and maximum allowable
safe amplitude of ~100 mA. In our SCS study, detection thresholds
had a wider range from 200 to 800 mA at different stimulation
settings and all detection thresholds were consistently on the non-
damaging side of the boundary between damaging and non-
damaging stimulation delineated by Shannon equation
[log(D)¼ ke log (Q), with k¼ 1.85] on log charge density versus log
charge per phase plot (Supplementary Figure 3a) [18]. Assuming a
commercially accepted maximum charge density of 30 mC/cm2 and
minimum pulse-width of 50 ms [19], it could be estimated that
maximum SCS current of ~80 mA in monkeys and ~3 mA in rats
could be delivered using electrode contacts (monkeys: 0.1319 cm2;
rats: 0.005 cm2) reported in our study without causing tissue
damage.

Frequency modulation has been historically considered a
promising method for providing sensory feedback with several
studies showing that animals are capable of discriminating ICMS
frequencies and that frequency modulation obeys Weber's law.
[4,20e22], While ICMS amplitude modulation in monkeys failed to
follow Weber's law [5], experiments in rats showed that modula-
tion of perceived intensity by amplitude and pulse-width modu-
lation followed Weber's law [17]. In our study, we investigated
whether rats and monkeys could learn to discriminate SCS fre-
quencies. Although monkeys O and K learned to discriminate
100 Hz SCS from 200 Hz, after taking a closer look at their learning
curves it was evident that they displayed different learning be-
haviors in the frequency discrimination task (Fig. 6b). Monkey O
started at lower discrimination performance at earlier training
sessions but reached higher level of performance toward the end of
training, whereas monkey K's performance started higher than
chance and improved marginally as the training progressed. These
of each individual monkey) averaged across both monkeys (mean ± sem). Detection
in panels aec (monkey K) and Supplementary Fig. 2 a-c (monkey O). P-values were
tained as 75% detection from curves in panel d as a function of frequency.



Fig. 4. Behavioral task setup and rats learned to detect SCS stimuli. a) The experiment task consisted of a closed behavioral chamber with two reward ports on one side of the
chamber. The ports were covered with vertical sliding doors. Five rats were implanted with bipolar stimulation electrodes on the dorsal surface of the spinal cord at the T3 spinal
level. b) Task consisted of a house light turning ‘on’, followed by sensory cues for 1 s. During the cue period SCS was either delivered or not delivered. After the cue period both
reward doors opened, and the rat had to make a nose poke response in either of the ports to receive water reward. If SCS was delivered rats had to poke inside the left port and if not
delivered, then they had to poke inside the right reward port. Poking in the correct reward poke initiated a water reward, while incorrect pokes were not rewarded. c) Rats learned
to detect SCS stimuli over a period of 15e25 days as indicated e learning curve showing task performance indicated by fraction trials detected as a function of training sessions.
Circles and error bars indicate mean ± sem.
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differences in learning behavior could be attributed to the fact that
monkey Owas stimulated at constant amplitude for both frequency
values (100 Hz and 200 Hz) while monkey Kwas stimulated at each
frequency's threshold amplitude. It is quite possible that monkey O
was discriminating differences in perceived magnitudes of the
sensory percepts while monkey K was discriminating differences in
the qualitative nature of the percepts induced. Rats are capable of
discriminating temporal patterns of SCSwhen the number of pulses
are kept constant but the frequency of stimulus is varied [14]. In
addition to that, our current results indicate that JNDs associated
with SCS frequency discrimination in rats clearly follow Weber's
law because JNDs linearly increased with standard stimulation
frequency (Fig. 7b and 7d). It could be surmised from Fig. 7b that
therewere at least three discriminable percepts between 10 Hz and
200 Hz; first percept at 10 Hz, second percept at 60 Hz because JND
at 10 Hz was ~50 Hz; and third percept at 180 Hz since JND at 60 Hz
was ~120 Hz. It can be argued that applying frequency modulation
simultaneously with amplitude and pulse-width modulation
would potentially increase the number of distinct discriminable
percepts that are possible within the amplitude range allowed on
current SCS electrodes. Therefore, further experiments exploring
the relationship between sensory discrimination and frequency,
pulse-width, amplitude, and duration of stimulation are necessary
to understand how these parameters relate to perceived intensity
and quality of sensation evoked by SCS.

A major advantage of SCS is its ability to target multiple der-
matomes simultaneously with a single electrode array. In partic-
ular, a single, commercially available SCS lead with multiple
830
contacts can evoke sensations in multiple dermatomes simulta-
neously due to the bilateral sensory representation of the entire
lower body in the ascending dorsal column fibers. It is quite
apparent from our results that monkeys can learn to discriminate
the spatial location of the sensations evoked by SCS (Fig. 6d). This
suggests that we can take full advantage of the rostro-caudal
somatotopy represented in the dorsal column fibers in combina-
tionwith spatiotemporal stimulation patterns to electrically induce
targeted tactile or proprioceptive sensations in the body. This view
is also supported by evidence from computational studies which
indicate that epidural SCS activates dorsal column fibers up to a
depth of 0.2e0.25 mm from the dorsal surface [23e27]. However,
additional work on miniaturizing electrode contacts and accurate
medio-lateral/rostro-caudal mapping of SCS-induced sensations
needs to be performed to be able to elicit precise sensations. In
addition, the ability of SCS to modulate neuronal activity in
supraspinal brain structures is quite desirable from a neuro-
prosthetic as well as a therapeutic application standpoint
[14,28e31,34]. A major limitation of our study is the short experi-
mental time (Supplementary Figure 1) we had available for pri-
mates e maximum of 5 months e due to the risk of infection
associated with externalized SCS leads. A fully implantable stimu-
lation system, like the one implanted in chronic pain patients could
potentially extend our study indefinitely and allow us to perform
longer experiments in monkeys. Nevertheless, in rodents we were
able to perform longer post-implant experiments because the
electrodes and their wires were fully enclosed inside the body.



Fig. 5. Psychophysical evaluation of SCS sensory detection with varying stimulation parameters in rats. Once rats learned to detect SCS stimuli at the standard parameters (fre-
quency: 100 Hz, pulse width: 200 ms, duration: 1 s), we allocated different blocks of sessions where (pulse width & amplitude; panel ‘a’); (frequency & amplitude; panel ‘b’); and
(duration & amplitude; panel ‘c’) were varied while keeping other parameters constant. a, b, c) Psychometric curves from representative rats showing a leftward shift of curves as
the pulse-width (rat 4), frequency (rat 2), and duration (rat 5) of stimulation increased. d, e, f) Psychometric curves with averaged data across five rats indicate leftward shift as
pulse-width, frequency, and duration are increased. X-axis represents relative amplitude values (for each rat raw amplitude values were subtracted by minimum amplitude and the
difference was divided by amplitude step size). Circles and error bars are mean ± sem across five rats. Curves in panels ‘a-f’ are sigmoidal fits. Panels ‘g’, ‘h’, and ‘i’ indicate
normalized detection thresholds. Thresholds were calculated as 75% fraction detected at different stimulation parameters consistent with panels ‘a-f’ and then normalized by
maximum amplitude used in the experimental block of each rat. Circles and error bars are mean ± sem across five rats. P-values were calculated using repeated measures one-way
ANOVA.
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In conclusion, we have successfully demonstrated that SCS can
generate discernible sensory percepts in both rats and monkeys
and all together our study strongly shows the potential of SCS to
encode sensory information in the brain. Additionally, our behav-
ioral experiments serve as a test bed for future animal studies
831
which could elucidate the neural mechanisms underlying SCS-
based sensory detection and discrimination. We envision that SCS
can be developed as an artificial sensory feedback channel for
delivering targeted tactile and proprioceptive information to the
brain.



Fig. 6. Monkeys learned to discriminate SCS stimuli varying in frequency and spatial location of electrodes. a,b) Monkeys K and O learned to discriminate SCS stimuli delivered at
the same electrode location but varying in frequency (100 Hz vs 200 Hz). Monkey O was stimulated at same amplitude while monkey K was stimulated at the respective threshold
amplitude for 100 Hz and 200 Hz. c,d) Monkeys K and O learned to discriminate stimulation delivered at electrode pair 1 (T6 - T7 spinal level) vs electrode pair 2 (T7-T8 spinal level).
Curves in panels b and d indicate sigmoidal fits to fraction correct trials displayed as a function of training days.
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Methods

All animal procedures were approved by the Duke University
Institutional Animal Care and Use Committee and in accordance
with National Institute of Health Guide for the Care and Use of
Laboratory Animals. Three adult rhesus macaque monkeys (Macaca
mulatta), monkeys ‘M’, ‘O’, and ‘K’ and five Long Evans rats
(300e350 g) participated in the experiments.
Monkey spinal implant surgery

Monkeys M, K, and O were implanted with 8-contact cylindrical
percutaneous leads (Model 3186, diameter 1.4 mm, contact length
3 mm, spacing 4 mm, Abbott Laboratories) bilaterally to the spinal
mid-line in the dorsal epidural space at T6 e T8 spinal level.
MonkeyM had two leads with 8 stimulation contacts each, monkey
O had two leads, one with 8 contacts (right side) and one with 4
contacts (left side, Model 3146, similar electrode contact di-
mensions as Model 3186), and monkey K had two leads with 8
stimulation contacts each. Experimental procedures for monkeys
M, O, and K lasted approximately 45, 135, and 150 days post-
implant after which the leads were explanted (Supplementary
Figure 1).

Implant surgery was performed under general anesthesia using
standard procedures typical of human implantation (for details see
supplementary information and Fig. 1a). Once leads were
832
implanted in the epidural space, a small hole was created in the
skin off-midline to externalize the distal end of the lead. Exter-
nalized leads were enclosed in a custom plastic cap which was
sutured to the skin (Fig.1a). The plastic cap allowed for access to the
leads by the researcher but protection from the animal. The animal
wore a protective vest after surgery and throughout the experi-
mental period which prevented its access to the plastic cap sutures
to its back.
Monkey SCS detection task

Monkeys were trained to perform a two-alternative forced
choice task where they were seated in a chair facing a computer
monitor which indicated trial progression (Fig. 1b). On each trial a
center target appeared, and the monkey had to move a cursor
which was joystick-controlled inside the center target (Fig. 1c).
After a brief hold period of 1 s inside the center target, two targets
appeared on either side of the center target. Each monkey had to
hold the cursor inside the central target for a brief period of
100e1000 ms. During this hold period sensory cues were pre-
sented. If SCS was presented (charge-balanced, cathode-first, 200
ms biphasic square pulses at 100 Hz for 1 s using custom micro-
stimulator [32]), then themonkey had tomove the cursor to the left
target to obtain a juice reward. If SCS was absent, then the monkey
had to move the cursor inside the right target. At the end of the
hold period, the center target disappeared, thus cuing the monkey



Fig. 7. Discrimination of higher and lower comparison frequency obeys Weber's Law. a) Fraction of trials correctly discriminated from standard frequency of 10 Hz, 20 Hz, 40 Hz,
60 Hz, 80 Hz, and 100 Hz, when compared to a range of higher frequency stimuli. c) Fraction of trials correctly discriminated from standard frequency of 110 Hz, 220 Hz, 310 Hz,
380 Hz, and 400 Hz, when compared to a range of lower frequency stimuli. Circles and error bars in ‘a’ and ‘c’ indicate mean ± sem. Curves indicate sigmoid fits to the data. Just-
noticeable difference (JND) is considered as the comparison frequency value that achieves 75% discrimination ability. b, d) Just-noticeable difference as a function of standard
frequency is indicated by black circles and error bars. Black line is linear regression fit to the data and pink bounds indicate 95% confidence bound of the regression line. JNDs
associated with higher frequency and lower frequency comparison were significantly linearly related with standard frequency. P-values were calculated using linear regression test.
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to initiate cursor movement toward the reward. Incorrect target
reaches were not rewarded. Initiation of movement prior to the end
of the hold period terminated the trial without reward and a blank
screen was displayed 3 s before starting next trial. The learning
performance of monkeys was studied using percentage correct (PC)
trials.

Monkey psychometric evaluation of detection thresholds

Once monkeys were trained on the detection task and their
performance was above 85%, detection thresholds were deter-
mined for different electrode combinations using psychometric
testing. Particularly, during ‘Stimulation ON’ i.e. ‘left target rewar-
ded’ trials, the stimulation amplitude was randomly varied from
50 mA to a manually determined upper limit which was below the
motor threshold. Only left target trials were analyzed and a per-
centage correct (PC) performance at each stimulation amplitude
value was determined. A sigmoid curve was fit to the PC values and
75% was considered as detection threshold. This was repeated for
several electrode combinations.

Monkey electrode mapping

In monkey K, once sensory detection thresholds were deter-
mined, wemapped the location of electrode pairs to location on the
monkey's body by sedating the monkey and stimulating those
electrodes above the sensory threshold values. Areas on the body
surface that elicited minor muscle twitches or skin flutter were
marked (Fig. 2c, left) and the motor thresholds were noted. In
monkey O, these observations were not made under sedation but
while it was seated in the primate chair.

Monkey detection thresholds as stimulation parameters vary

During sets of consecutive sessions, we varied amplitude and
frequency or amplitude and pulse-width or amplitude and duration
of stimulation while keeping other parameters constant (for stim-
ulation parameter ranges, see Supplementary Table 1). The stan-
dard parameters that remained constant while others were varied
were frequency: 100 Hz, pulsewidth: 200 msec, and duration: 1 s. In
monkey K, we varied frequency (10e1000 Hz) and duration
(1e2000 ms) of stimulation simultaneously while keeping pulse
width and amplitude constant at 200 ms and 325 mA respectively.
Detection thresholds for each monkey were normalized by
maximum amplitude used in the experiment block of that monkey
before statistical analysis.

Monkey sensory discrimination

In the frequency discrimination task, each monkey was
instructed to move the cursor inside the left target for 100 Hz and
right target for 200 Hz respectively (Fig. 6a). In the spatial
discrimination task, the monkey was instructed to move the cursor
inside the left target for electrode pair 1 and inside right target for
electrode pair 2 respectively (Fig. 6c).

Rat pre-training and SCS electrode implantation

Moderately water deprived rats were placed inside the behav-
ioral chamber for 2 days to acclimatize to the behavioral environ-
ment. The behavioral chamber had two doors on one side of the
walls which enclosedwater reward ports (Fig. 4a), slightlymodified
from the one previously described [33]. Rats were gradually trained
to receive water reward from the ports. Initially, both reward doors
were kept open and rats learned to receive water by licking at the
834
water dispensing spout. Later, the doors were kept closed and
would open a few seconds after the house light turned on. In
subsequent sessions, left and right doors would open on alternate
trials and rats learned to obtain reward from each port alterna-
tively. The pre-surgical training period lasted approximately 8e10
days.

Thereafter custom designed SCS electrodes (1 mm � 0.5 mm
contacts arranged transversely in a bipolar configuration with
0.25 mm spacing using a 0.025 mm thickness platinum foil,
Goodfellow Cambridge Limited, England) were implanted into the
epidural space under T3 vertebra as described in our previous
article [29]. After the rats recovered from the spinal surgical pro-
cedures, cathode leading stimulation pulse trains were delivered at
the SCS electrodes using a multi-channel constant current stimu-
lator (Master-8, A.M.P.I, Jerusalem, Israel) at stimulation settings
which were determined depending on the behavioral task under
consideration (Fig. 4a).

Rat sensory detection task

After recovery from surgery, rats were introduced to a two-
alternative forced choice task (2AFC) to learn detection of SCS
stimuli in the chamber (Fig. 4b). At the beginning of each trial, a
light in the chamber was turned on for 1 s as a reminder for the
animals to pay attention. After the light turned off, the rats received
a sensory cue for 1 s. The sensory cue either consisted of cathode-
leading bipolar square pulse trains (pulsewidth: 200 ms, Frequency:
100 Hz, duration: 1 s) or no stimulation pulses (interval: 1 s) at each
trial. After a brief delay of 0.5 s both reward doors opened, and rats
had to respond by choosing the left door for ‘SCS ON’ trials and right
door for ‘SCS OFF’ trials. Incorrect responses were not rewarded.
During the learning of this basic detection task, the intensity of the
delivered currentwas determined before each session and set using
procedures described before [14,29,31] (mean ± std, intensity at
100 Hz was 243.7 ±57:9 mA).

Rat sensory detection psychophysics

Once rats learned the basic sensory detection task and their
performancewas above 80%, stimulation parameters were varied in
a systematic manner during the SCS-ON trials. In different experi-
mental sessions, stimulation parameters such as frequency and
amplitude, pulse-width and amplitude, and pulse train duration
and amplitude were varied while other parameters were kept
constant (standard parameters: pulse width: 200 ms; Frequency:
100 Hz; duration: 1 s), and sensory detection threshold amplitude
was determined (for stimulation parameter ranges see
Supplementary Table 1). For all the conditions, the detectable level
of the amplitude was defined as 75% accuracy of behavioral per-
formance. Detection thresholds for each rat were normalized by
maximum amplitude used in the experiment block of that rat
before statistical analysis.

Rat sensory discrimination task

In a 2AFC task, rats were presented with either a low frequency
stimulus or a high frequency stimulus during the sensory cue
period in the behavioral chamber. For either frequency, the stim-
ulus was delivered at the same amplitude (determined at each
session), pulse width (200 ms), and duration (1 s). After a brief delay
period following sensory cue presentation, rats had to choose the
left door for higher frequency stimulus and right door for lower
frequency stimulus to obtain reward (Fig. 4a). Initially, rats were
trained to discriminate between 10 Hz and 100 Hz frequency.
Incorrect trails were not rewarded.
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Weber's law and sensory discrimination

Once rats learned to discriminate 10 Hz stimulus from 100 Hz
stimulus, demonstrated by consistent discrimination performance
above 80%, the lower frequency (standard frequency) was kept
constant during right door trials while the higher frequency
(comparison frequency) was randomized between 20 Hz and
110 Hz during left door trials. Sensory discrimination performance
between a standard frequency and comparison frequency was
determined as the fraction of trials successfully discriminated for
that particular standard and comparison pair. Thus, fraction trials
discriminated was plotted as a function of comparison frequency to
obtain Just-Noticeable Differences (JNDs) determined as 75% value
on the curve. The same experiment was repeated for different
standard frequency values such as 20 Hz vs (40e220 Hz), 40 Hz vs
(60e240 Hz), 60 Hz vs (85e310 Hz), 80 Hz vs (110e380 Hz), and
100 Hz vs (130e400 Hz) to obtain JNDs for each standard frequency
value and to test for Weber's law.

Similarly, the experiment was repeated for discrimination of a
low-frequency comparison stimulus from a high-frequency stan-
dard stimulus. The standard frequency values were 110, 220, 310,
380, and 400 Hz, while the comparison frequency was randomized
from (100e10 Hz), (200e20 Hz), (285e60 Hz), (350e80 Hz), and
(370e100 Hz) respectively for each of the standard frequency
values. JNDs were calculated for each of the standard frequency
values as explained before to test for Weber's law.

Statistical analysis

Repeated measures one-way ANOVA was used to test the sig-
nificance of relationship between stimulation parameters and
sensory detection thresholds in both rats and monkeys (Fig. 3h, 3i,
3j, 5g, 5h, 5i, and Supplementary Fig. 4c and 4f). To test whether
JNDs were significantly linearly related to standard frequency in the
sensory discrimination task, the linear regression test was used
(Fig. 7b and 7d).
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