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Electrical stimulation of the peripheral nerves of human participants provides a unique opportunity to study the neural determinants of
perceptual quality using a causal manipulation. A major challenge in the study of neural coding of touch has been to isolate the role of
spike timing—at the scale of milliseconds or tens of milliseconds—in shaping the sensory experience. In the present study, we address
this question by systematically varying the pulse frequency (PF) of electrical stimulation pulse trains delivered to the peripheral nerves
of seven participants with upper and lower extremity limb loss via chronically implanted neural interfaces. We find that increases in PF
lead to systematic increases in perceived frequency, up to ~50Hz, at which point further changes in PF have little to no impact on sen-
sory quality. Above this transition frequency, ratings of perceived frequency level off, the ability to discriminate changes in PF is abol-
ished, and verbal descriptors selected to characterize the sensation change abruptly. We conclude that sensation quality is shaped by
temporal patterns of neural activation, even if these patterns are imposed on a fixed neural population, but this temporal patterning can
only be resolved up to ~50Hz. These findings highlight the importance of spike timing in shaping the quality of a sensation and will

contribute to the development of encoding strategies for conveying touch feedback through bionic hands and feet.
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ignificance Statement

A major challenge in the study of neural coding of touch has been to understand how temporal patterns in neuronal responses
shape the sensory experience. We address this question by varying the pulse frequency (PF) of electrical pulse trains delivered
through implanted nerve interfaces in seven amputees. We concomitantly vary pulse width to separate the effect of changing PF on
sensory quality from its effect on perceived magnitude. We find that increases in PF lead to increases in perceived frequency, a qual-
itative dimension, up to ~50 Hz, beyond which changes in PF have little impact on quality. We conclude that temporal patterning
\in the neuronal response can shape quality and discuss the implications for restoring touch via neural interfaces. j

~

Received July 21, 20271; revised Sep. 29, 2021; accepted Nov. 22, 2021.

Author contributions: E.L.G., D.L.T., and S..B. designed research; E.L.G. and B.P.C. performed research;
ELG., B.P.C, and Q.H. analyzed data; E.L.G. and S.).B. wrote the paper.

This work was sponsored by the Defense Advanced Research Projects Agency Biological Technologies Office
HAPTIX program under the auspices of Dr. A. Emondi through the Space and Naval Warfare Systems Center
(Pacific Contract no. NC66001-15-C-4041), by the U.S. Department of Veterans Affairs Rehabilitation Research
and Development Service Program (Center #(3819C), and by the National Institute of Neurological Disorders
and Stroke (Grant NS-095251). The content is solely the responsibility of the authors and does not necessarily
represent the official views of the listed funding institutions. We thank the research participants for the time
and dedication to advancing science, and M. Schmitt for assistance with participant clinical care and study
coordination. We also thank C. Hughes, R. Gaunt, B. Delhaye, and T. Callier for helpful feedback on an early
version of this manuscript.

D.J.T. has patents on the electrodes (U.S. Patent 6456866B1) and stimulation patterns related to sensory
restoration (U.S. Patent 9421366B2). E.L.G., D.).T., and S.J.B. also have a patent application on stimulation
patterns related to sensory restoration (PCT/US2017/056070). The authors declare no other competing
financial interests.

Correspondence should be addressed to Emily L. Graczyk at emily.graczyk@case.edu.

https://doi.org/10.1523/JNEUR0SCI.1494-21.2021
Copyright © 2022 Graczyk et al.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International license, which permits unrestricted use, distribution and reproduction in any medium provided
that the original work is properly attributed.

Introduction

Physical interactions with our environment give rise to a rich
and complex tactile experience. While a touch can be readily
localized to a specific location on the body and described as light
or strong, its sensory quality is multifaceted and often difficult to
describe. For example, the tactile experience of a fabric is differ-
ent from that of a vibration. Sensory quality does not fall on one
continuum or even a few. Indeed, even a single sensory subspace,
such as that for tactile texture, is complex and can be further bro-
ken down into component dimensions and subspaces (Hollins et
al,, 1993, 2000; Bergmann Tiest and Kappers, 2006; Lieber and
Bensmaia, 2019).

The neural underpinnings of sensory quality are also difficult
to identify. The perceived location of a touch is determined by
the receptive field location of the activated neural population
(Ochoa and Torebjork, 1983; Schady et al., 1983; Johansson and
Flanagan, 2009). The magnitude of a percept is determined by
the overall population spike rate evoked in the peripheral
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nervous system (Muniak et al, 2007; Graczyk et al, 2016).
Quality, on the other hand, is determined by the specific spatio-
temporal pattern of activation elicited in the nervous system.
Some patterns of activation give rise to a texture percept, others
to a motion percept, and these patterns can co-occur and be mul-
tiplexed in the nerve (Goodman and Bensmaia, 2018).

One determinant of quality is the degree to which each class
of tactile nerve fibers is activated by the stimulus. Indeed, the
sensation evoked when an individual nerve fiber is electrically
activated depends on its afferent class—whether it is slowly
adapting or rapidly adapting, type I or type II (Ochoa and
Torebjork, 1983; Torebjork et al., 1987). As a result, one reason
different tactile stimuli evoke sensations of different qualities is
because they differentially activate different classes of tactile
afferent fibers. For example, skin vibrations recruit afferent pop-
ulations in a frequency-dependent manner (Talbot et al., 1968;
Freeman and Johnson, 1982; McGlone and Reilly, 2010). This
differential recruitment accounts in part for the frequency de-
pendence of vibrotactile pitch, the qualitative dimension associ-
ated with changes in vibratory frequency (Goff, 1967; Roy and
Hollins, 1998; McGlone and Reilly, 2010).

Another determinant of quality is the temporal patterning in
the spiking response. For example, the perception of texture is
shaped by the millisecond-level timing of sequences of spikes
evoked in nerve fibers (Weber et al, 2013). Similarly, phase-
locked responses of nerve fibers to skin vibrations underlie their
perceived vibrotactile pitch, which complements the information
about frequency carried in the pattern of recruitment across
classes (Mackevicius et al., 2012; Birznieks and Vickery, 2017). In
natural mechanical touch, the co-occurrence of these coding
principles—differential recruitment and temporal patterning—
makes it difficult to disentangle their respective roles in the
determination of sensory quality.

Electrical stimulation offers a unique opportunity to examine
the contribution of spike timing on tactile perception independ-
ently of the relative recruitment of afferent classes. An electrical
pulse train delivered to the nerve will synchronously activate
local neurons regardless of fiber class, as there are no known
class-specific properties to enable preferential recruitment
(Mogyoros et al., 1996; Howells et al., 2012). The impact of stim-
ulation frequency on quality is thus mediated by the phase-
locked spiking response, as all fiber classes are equally likely to be
activated. Thus, by varying stimulation frequency in the periph-
eral nerve, we can directly examine the role of spike timing on
quality perception.

Electrical stimulation of somatosensory peripheral nerves
evokes vivid tactile sensations that are experienced on the hand
(Dhillon and Horch, 2005; Ortiz-Catalan et al., 2014; Raspopovic
et al,, 2014; Tan et al., 2014; Davis et al., 2016). While increasing
stimulation frequency in the peripheral nerve is known to
increase the perceived intensity of the percept, mediated by a
concomitant increase in the population firing rate (Graczyk et
al,, 2016), the effect on quality is less clear. To fill this gap, we
sought to understand how temporal patterns of activation in the
nerve affect the quality of tactile percepts. We approached this
question in two sets of psychophysical experiments with human
amputees implanted with multichannel nerve cuff electrodes.
First, we investigated how changes in the frequency of electrical
stimulation impact the perceived frequency of the stimulus. In
these experiments, participants judged the percept evoked by a
pulse train along a single dimension or discriminated pulse trains
that varied in frequency. Second, we investigated the impact of
pulse frequency (PF) on a multidimensional space defined by
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verbal descriptors to achieve a more holistic understanding of
how pulse frequency shapes the quality of an electrically evoked
percept. Understanding how spike timing shapes quality will
help unravel the peripheral neural code of touch and will lead to
the development of approaches to convey a richer, more natural
touch experience to individuals with bionic hands and feet.

Materials and Methods

Participants

Seven people, all male, volunteered for this study. Four participants had
unilateral acquired amputations of the upper limb below the elbow, and
three had unilateral acquired amputations of the lower limb below the
knee. All participants were implanted with multicontact peripheral nerve
cuff electrodes, either flat interface nerve electrodes (FINEs) or compos-
ite FINEs (C-FINEs; Freeberg et al., 2017, Fig. 1a). Upper limb partici-
pants (referred to as UL01-UL04) were implanted with 8-channel FINEs
or 16-channel C-FINEs around the median, ulnar, and/or radial nerves
between 3 and 7 years before participation in the present study. Contacts
were selected for testing that elicited comfortable sensations on the ante-
rior surface of the hand. Lower limb participants (LLO1-LL03) were
implanted with 16-channel C-FINEs around the sciatic and tibial nerves
between 1 and 3 years before participation in the present study. Contacts
were selected for testing that elicited comfortable sensations on the
plantar surface of the foot or posterior aspect of the ankle. Percutaneous
leads connected the cuff electrodes to an external neurostimulator.
Stimulation waveforms were square, biphasic, cathodic first, and charge
balanced. Stimulation parameters were set in MATLAB (MathWorks)
and then sent to a computer running xPC Target (MathWorks), which
then drove the stimulator. The stimulator could produce stimulation
with pulse width (PW) in the range of 5-255 us in increments of 1 ps,
pulse amplitude (PA) in the range of 0-2 mA in increments of 0.1 mA,
and interpulse intervals in the range of 1-10,000 ms in increments of
1 ms.

The Louis Stokes Cleveland Department of Veterans Affairs Medical
Center Institutional Review Board and Department of the Navy Human
Research Protection Program approved all procedures. This study was
conducted under an Investigational Device Exemption obtained from
the U.S. Food and Drug Administration. All participants provided writ-
ten informed consent to participate in this study, which was designed in
accordance with relevant guidelines and regulations.

Frequency estimation task

In each trial, a 1 s pulse train was delivered, and participants estimated
the perceived frequency of the evoked sensation. Estimations were made
using a visual analog scale displayed on a computer monitor, which dis-
played “slowest possible frequency” on the far left of the scale and “fast-
est possible frequency” on the far right of the scale (Fig. 1b). Participants
were asked to ignore changes in intensity and location when making fre-
quency estimates. A 3 s intertrial interval was enforced to minimize the
effects of perceptual adaptation (Graczyk et al., 2018).

For each electrode contact, we tested 12 PFs and 3 PWs. PFs were set
to 2, 5, 10, 20, 35, 50, 65, 80, 100, 200, 500, and 1000 Hz. The three PWs
were chosen on a per-contact basis to span the full range of suprathres-
hold, comfortable intensities. Briefly, we used a staircase procedure to
find the minimum PA value that produced a detectable percept at the
maximum PW of the stimulator (255 ps). This PA value was typically
between 0.5 and 1 mA. We then used a two-alternative forced-choice
tracking paradigm to find the minimum PW value that elicited a detecta-
ble percept at this threshold PA (Graczyk et al., 2016). The “low” PW
value in the estimation task was the minimum PW that was reliably per-
ceived at 2 Hz. The “high” PW value was chosen as the maximum PW
that was comfortable at 500 Hz. The “mid” PW value was chosen as the
midpoint between the low and high values. Preliminary tests with each
contact indicated that these PWs resulted in clear differences in per-
ceived intensity. The 36 stimuli were presented in pseudorandom order
15 times/contact, split into six experimental blocks of 90 trials, all per-
formed on the same day. Five electrode contacts across three participants
were included in this analysis.
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Frequency ratings were normalized by dividing
each estimate by the within-block mean rating.
Normalized ratings were then averaged within con-
tact for each PW and PF condition. We then fit
piecewise linear functions to the base-10 logarithm
of frequency, separated by PW condition. For each
fit, coefficient estimates over their relevant ranges
were randomly generated 10 times, and the combi-
nation with the lowest mean squared error was
selected. The transition between the rising and falling
phases of the perceived frequency ratings was
obtained from the optimized parameters. The transi-
tion metric was averaged across participants, con-
tacts, and PWs after first removing two values
derived from poor fits (R?> < 0.5) and one outlier
that was more than 2 SDs above the mean. Means
and SEs of the frequency estimates were then calcu-
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parison PW took on one of the following three

values: one shorter than, one equal to, and one
longer than the standard PW. PWs were based
on the same criteria as in the frequency estima-
tion task. All PW values were between 70% and
130% of the standard PW. The standard stimu-
lus was always at the intermediate PW. In each
block, each stimulus pair was presented 10
times, and both the order of stimuli within the
pair and the order of the pairs varied pseudor-
andomly. The intertrial interval was enforced to
be at least 3 s long. Thus, each experimental
block evaluated one electrode contact and con-
sisted of 270 trials (9 comparison PFs x 3 com-
parison PWs x 10 repetitions). Eight contacts across four
participants, six contacts across two participants, and six contacts
across two participants were evaluated for the 20, 50, and 100 Hz
standard, respectively.

Psychophysical performance was calculated as the proportion of tri-
als in which the comparison stimulus was judged to be higher in per-
ceived frequency than the standard stimulus. Psychometric curves were
then constructed by fitting a cumulative normal density function to these
proportions. Separate psychometric functions were fit for each standard
frequency (20, 50, and 100 Hz). Just noticeable differences (JNDs) were
calculated as the change in frequency required to achieve 75% correct
performance. Two JND estimates were obtained from each psychometric
function, one above and one below the standard, and these two estimates
were averaged. Sessions in which performance did not achieve the 75%
threshold performance criterion (above or below the standard) were
considered to have an undefined or incalculable JND and were consid-
ered to be “poor” performance contacts. These data points were omitted
from further analysis. The point of subjective equality (PSE) was defined

Figure 1.

Experimental design. a, Electrical stimulation was delivered by an external neurostimulator through per-
cutaneous leads to FINEs or C-FINEs implanted on the residual peripheral nerves of four transradial and three transti-
bial amputees. Stimulation consisted of trains of square, biphasic, charge-balanced pulses. b, Frequency estimation
task. Three participants were asked to estimate the perceived frequency of an evoked percept by moving a slider along
a horizontal bar. Stimuli varied in both stimulation PF and PW. ¢, Frequency discrimination task. Four participants
judged which of two sequentially presented pulse trains was higher in perceived frequency, while ignoring any differ-
ences in perceived intensity. d, Quality description task. Six participants selected sets of words that described the qual-
ity of the evoked percept. Participants could select as many words as they wished to describe each stimulus.

as the comparison frequency that corresponded to 50% correct perform-
ance, as calculated from the fitted psychometric functions.

Subjective quality description task

On each trial, a 2 s pulse train was delivered and participants were asked
to indicate which subset of a list of 30 qualitative descriptors applied to
the percept (Fig. 1d, word list). These words were selected based on prior
studies of language associated with natural and artificial somatosensation
(Adrian, 1919; Goff, 1967; Tashiro and Higashiyama, 1981; Macefield et
al,, 1990; Kaczmarek and Haase, 2003; Guest et al,, 2011; Geng et al.,
2012; Perovic et al,, 2013). Participants were encouraged to select as
many words as necessary to fully describe the sensation. Participants
were instructed to use their own definitions for each descriptor, but to
maintain consistency throughout each experimental session. For exam-
ple, if two stimuli felt identical, they were asked to select the same subset
of words for both trials. Stimulation was applied at one of nine PFs and
three PWs for each stimulus. Stimulation PF was set to 2, 5, 10, 20, 50,
100, 200, 500, and 1000 Hz, and PWs were selected in the same manner
as in the frequency estimation task. Each stimulus was presented 20
times in pseudorandomized order. A 2 s intertrial interval was enforced.
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A “no sensation” option was provided for trials in which the participant
did not feel the stimulus. Eleven electrode contacts were tested across all
six participants. Stimulation conditions in which no sensation was
selected in more than five trials were excluded from the analysis. We
computed the proportion of times each descriptor word was selected for
each stimulation condition for each contact after no sensation trials were
removed. The result was a set of 30 proportions for each stimulation
condition.

To compute within-participant consistency in word selection, we ran
a correlation analysis of word proportions between the sets of contacts
tested within the same participant. Those participants who only per-
formed the subjective quality test with a single contact were excluded
from this analysis. To calculate across-participant consistency in word
selection, we first averaged the proportions across contacts for each par-
ticipant, then computed the correlation in these proportions for each
pairing of participants.

Dissimilarity matrices

Having observed that different participants used different words to
describe the electrically evoked sensations, we hypothesized that we
could achieve a more generalizable representation of tactile quality by
computing differences in descriptors between stimulation conditions. To
reduce redundant or highly correlated descriptors within each dataset,
we ran a principal component analysis (PCA) on the word proportion
vectors across all stimuli (a 30 x 27 data matrix) on a participant-by-par-
ticipant basis and retained the components necessary to explain 95% of
the variance. We then projected the stimuli onto this reduced dimen-
sionality space and calculated the pairwise distances between them,
resulting in a 27 x 27 distance matrix for each tested electrode contact
(n = 11). To remove the influence of the number of dimensions on cal-
culated distances, we normalized distances to the maximum intercondi-
tion distance (which was set to 1). For some analyses (see Fig. 6a), we
averaged the coordinates for each PF across PWs and then recomputed
the distances, yielding a 9 x 9 distance matrix.

To assess the within-participant consistency in dissimilarities, we
computed the correlation between distance matrices obtained from dif-
ferent contacts for each participant. To assess across-participant consis-
tency in dissimilarities, we first averaged the dissimilarities across
contacts for each participant then computed the correlation in the dis-
similarity matrices for each pair of participants.

To examine the quality dissimilarity between successive PF condi-
tions, we computed the distance between the coordinates of two adjacent
PFs in the reduced dimensionality space, then averaged these distances
across PWs and contacts.

Finally, we performed a multivariate regression analysis with APF,
APW, and their interaction as factors. We performed this analysis after
averaging the 27 x 27 distance matrices across participants and contacts.
The APF and APW factors were z scored before running the regression
to standardize the regression coefficients. This analysis was also per-
formed with the data split into the following two sets: one for PFs at
<50Hz and one for PFs at >50Hz. We verified that the regression
model fit to the dissimilarity matrix averaged across contacts and partici-
pants yielded the same conclusions as one fit to data pooled across indi-
vidual contacts and participants. We also fit regression models to
individual participants’ dissimilarity matrices and verified that the
regression coefficients averaged across these models yielded the same
conclusions. We then performed a stepwise regression, in which we
assessed whether PF accounted for a significant proportion of variance
in the dissimilarity ratings after differences in perceived frequency had
been regressed out. For this analysis, we first computed differences in
perceived frequency for each stimulus pair from the across-contact aver-
ages of perceived frequency obtained in the first experiment. We then
regressed dissimilarity against differences in perceived frequency ratings
and regressed the residuals against z scored APF. This analysis was per-
formed separately for stimuli <50 Hz and >50 Hz.

Statistics
Frequency estimation. We determined the influence of PW on the
transition frequency between the rising and falling regimes of perceived
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frequency using a one-way ANOVA versus PW. We then split the data
into the following two regimes: 0-50 Hz and >50 Hz. For each regime,
we ran a two-way ANOVA on the normalized frequency estimations
pooled across contacts and participants with factors of PW and PF. All
statistical analyses were performed in Minitab (Minitab, LLC) with an «
level of 0.05.

Frequency discrimination. We studied the influence of PW on the
JNDs and PSEs of the psychometric functions using repeated-measures
ANOVA with different PWs and different contacts as factors. JNDs and
Weber fractions at the 20 Hz standard were compared with their coun-
terparts at 50 Hz using a two-sample ¢ test. All statistical analyses were
performed in MATLAB with « level of 0.05.

Subjective quality reports. We ran a linear regression to determine
how the number of words selected by each participant changed with PF.
We compared within- and across-participant correlations in quality
descriptors and dissimilarities using a one-way ANOVA with Tukey’s
pairwise comparisons. We compared quality dissimilarities between suc-
cessive PFs using a two-way ANOVA with Tukey’s pairwise compari-
sons with factors for PF and PW. These analyses, as well as the
univariate and multivariate regressions, were performed in MATLAB
and/or Minitab with an « level of 0.05.

Results

Tactile sensations were elicited by delivering electrical pulse
trains to the somatosensory nerves, either via FINEs or C-FINEs
(Fig. 1a). Four unilateral upper limb amputees and three unilat-
eral lower limb amputees participated in the study.

Perceived frequency increases with pulse frequency up to
~50Hz

First, we assessed the degree to which changes in frequency can
be judged along a single perceptual continuum. To this end, we
delivered stimuli that varied in PF and asked participants to rate
the perceived frequency by positioning a slider along a horizontal
bar (Fig. 1b). To ensure that participants rated frequency rather
than intensity, we varied the stimulation PW, which also modu-
lates perceived intensity (Graczyk et al.,, 2016), from detection
threshold to the maximum comfortable level. If frequency esti-
mates were based solely on perceived intensity, then ratings
would increase with increases in either PF or PW. PWs were
scaled based on the detection threshold, which was measured for
each contact separately.

At low PFs, perceived frequency increased logarithmically
with PF and was independent of PW (Fig. 2). At higher PFs, per-
ceived frequency remained constant or even decreased with
increases in PF and was instead modulated by PW (Fig. 2b). We
fit piecewise logarithmic functions to the relationships between
perceived frequency and PF to determine the transition point
between the rising and falling (or sustained) portions of the rela-
tionships (R*> = 0.93 = 0.01, mean = SEM; Fig. 2a). We found
the transition frequency to be 66.0 £ 1.1Hz (mean * SEM).
Transition frequency was highly consistent across participants
and contacts, and was not significantly modulated by PW
(ANOVA: F(511)=0.43, p=0.66).

Having identified two different regimes in the PF response
characteristic, we then examined the impact of PF and PW on
perceived frequency in each regime separately. Below the transi-
tion PF, perceived frequency was significantly dependent on PF
(F(s.82)=27.83, p < 0.001) but not PW (Fp.52 = 1.58, p=0.212).
Above the transition PF, perceived frequency ratings depended
on PW (F(58=14.08, p<0.001) but not PF (F(5g=1.33,
p=0.262). In summary, changes in PF exert a systematic effect
on perceived frequency up to ~60 Hz, and this perceptual effect
can be clearly distinguished from perceived magnitude. Increases
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pulse trains was higher in perceived
frequency (Fig. 1c¢). In each experi-
mental block, which consisted of 270
trials, a standard stimulus (at 20, 50, or
100 Hz) was paired with a comparison
stimulus whose PF and PW varied
from trial to trial over a range (25-
175% of the standard PF). The com-
parison PW took on one of the following three values: one
shorter than, one equal to, and one longer than the standard
PW (scaled based on the threshold PW; see Materials and
Methods). The variation in PW was intended to reduce or abolish
the informativeness of perceived magnitude, which is modulated
by changes in both PW and PF (Graczyk et al., 2016).

Discrimination with a constant pulse width

First, we examined participants’ ability to distinguish changes in
PF independently of PW by only analyzing same-PW pairs. We
found that participants could discriminate on the basis of fre-
quency on most electrode contacts when the standard PF was set
at 20 or 50 Hz, as evidenced by smooth psychometric functions
over the range tested (Fig. 3a,b). With the 100 Hz standard, how-
ever, PF discrimination performance was very poor on all con-
tacts, and participants never achieved criterion performance
(75% correct; Fig. 3¢c; see Materials and Methods). The JND—
defined as the difference in PF that yields 75% correct dis-
crimination—was 3.867 = 0.51 and 9.250 = 0.71 Hz (mean *
SEM) for the 20 and 50 Hz standards, respectively, yielding
nearly constant and statistically indistinguishable Weber
fractions (0.193 +0.03 and 0.185 = 0.01 Hz; Fig. 3d-e). In
contrast, JNDs were undefined for the 100 Hz standard for
all tested contacts. Note that participants could perceive the
stimuli even when the J]ND was undefined, but they could
not discriminate between them.

Effect of pulse width on frequency discrimination

Second, we examined the degree to which PF could be discrimi-
nated independently of changes in perceived magnitude. Trials
with equal-PW pairs were interleaved with trials in which the
PW of the comparison was different from that of the standard
stimulus. To the extent that participants relied on differences in
perceived magnitude to make their frequency judgments, PW
would systematically bias participants’ frequency judgments,
thereby causing lateral shifts in psychometric functions. Changes
in PW may also lead to changes in the clarity or vividness of the
evoked percepts, thereby resulting in changes in the discrim-
inability of PF.

contact M2). Filled circles denote average perceived frequency ratings (n = 15/condition), normalized to the mean within experi-
mental block (six blocks). Color denotes the PW level, and error bars denote the SEM. Solid lines represent piecewise logarithmic
functions fit to the data. b, Average perceived frequency across all electrode contacts and participants versus stimulation PF (n =
15). Color denotes the PW level, and the shaded region corresponds to the SEM. The boxplot depicts the transition frequency in
the piecewise functions across participants and contacts (n = 12). The vertical line in the boxplot depicts the median, and the
shaded region depicts the interquartile range of transition frequency. Note that the abscissa is logarithmic.

We observed systematic leftward shifts in the psychometric
functions when the comparison PW was lower than the standard
PW and systematic rightward shifts when the comparison PW
was higher than the standard PW (Fig. 44,b,d,e). In other words,
pulse trains with lower PW tended to be perceived as higher in fre-
quency across PFs. This bias was quantified by computing the PSE
—the PF at which participants were equally likely to select the
standard as they were the comparison stimulus. The PSE increased
as the comparison PW increased for both the 20 and 50 Hz stand-
ards (Fig. 4b,e; repeated-measures ANOVA: F 6 =17.34,
p<<0.001; F14=17.46, p=0.0012, respectively). In summary,
the participants exhibited a slight tendency to select the more
intense stimulus as being lower in frequency, consistent with pre-
vious findings that the pitch of a vibrotactile stimulus decreases as
the stimulus amplitude increases over this range of frequencies
(Roy and Hollins, 1998; Prsa et al., 2021). Note that this tendency
was also observed in the frequency estimation ratings but was too
weak to achieve statistical significance.

Next, we investigated the degree to which the comparison
PW affected participants’ sensitivity to changes in PF by examin-
ing the effect of PW on the JND. For the 20 Hz standard, we
found no systematic effect of PW on JND (Fig. 4c; repeated-
measures ANOVA: F;6,=1.35, p=0.3082). For the 50 Hz
standard, on the other hand, JNDs increased as PW increased
(Fig. 4f; F2,14)=9.58, p=0.0075). In other words, participants
became somewhat less sensitive to changes in PF at higher PWs,
but only for the higher PF standard.

Subjective reports of sensory quality depend on stimulation
frequency

Given that PF reliably influenced perceived quality along a single
frequency continuum, we then investigated how PF shapes sub-
jective quality more broadly. To this end, participants indicated
which subset of a list of 30 qualitative descriptors pertained to
each stimulus. Participants were encouraged to select as many
words as necessary to describe the electrically evoked sensation.

Qualitative reports
On average, participants selected 6.5+ 2.6 words (mean =
SEM) to describe each sensation. The total number of words
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PF discrimination performance with constant PW. a, Performance with the 20 Hz standard for participants UL02 (yellow) and UL04 (orange). Each curve denotes the mean per-

formance with a different electrode contact (n = 6). b, Performance with the 50 Hz standard across contacts (n = 5) for UL02 (light green) and ULO4 (dark green). ¢, Proportion of stimulation
contacts yielding defined JNDs for the three standard frequencies when comparison and standard PWs are equal. Participants achieved threshold performance on 75% (6 of 8) contacts tested
with the 20 Hz standard and 83% (5 of 6) contacts tested with the 50 Hz standard. Participants never achieved criterion performance (0 of 7) with the 100 Hz standard. d, JNDs for the equal
PW conditions with the 20 Hz (n = 6) and 50 Hz (n = 5) standards. e, The Weber fractions for the 20 Hz (n = 6) and 50 Hz (n = 5) standards were statistically indistinguishable.

4 20 Hz standard b 20Hz standard c 20Hz standard
e 1 ~— 30 5

g / A

o 0 é A

a ¢

506 o a4

2 g 2 S

5 0.4 —Low = S > .

o P~ ——Mid 10 2 °

g 02} e High

3 O

&y 0 0 , _

0 20 40 60 Low Mid High Low Mid High
Comparison PF (Hz) Comparison PW ) Comparison PW
d e f
50 Hz standard 50Hz standard 50Hz standard

3 60 . ;

° 0.8 } 10

o

506 w 40 a © 2

2 <D o 4

504 o S

3 20

£

00.2

=2

o ol 0

0 50 100 Low Mid High Low Mid High
Comparison PF (Hz) Comparison PW Comparison PW

Figure 4.

PF discrimination performance with variable PW. a, Performance with the 20 Hz standard and three comparison PWs, averaged across electrode contacts (n = 6). b, PSE versus

PW for the 20 Hz standard (n = 17). Gray lines denote different contacts, black line denotes the mean across contacts and participants. PSE increases with PW, revealing a PW-dependent bias
in PF discrimination performance. Participants exhibited a tendency to perceive higher PWs as being lower in PF. ¢, JND versus PW for the 20 Hz standard (n = 17). There was no significant
effect of PW on JND with the 20 Hz standard. d, Performance with the 50 Hz standard and three comparison PWs, averaged across electrode contacts (n = 5). e, PSE versus PW for the 50 Hz
standard (n = 15). PSE was significantly higher at higher PWs. £, JND versus PW for the 50 Hz standard (n = 15). JNDs tended to be higher at higher PWs.

chosen to describe a stimulus varied across participants,

ranging from 5 to 22.

Examination of the participants’ word selections revealed that
stimulation PF influenced the descriptors chosen to characterize

the stimuli. That is, different sets of words were selected to
describe low-frequency stimuli than high-frequency stimuli (Fig.
5, Table 1), as has been found with vibrotactile stimulation
(Talbot et al., 1968) and intracortical microstimulation (Hughes
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Figure 5.  Quality descriptors reported for electrically evoked percepts at each PF, averaged across PWs. Each heatmap corresponds to a participant and contact (n = 11), and each row cor-
responds to a descriptor. Electrode contacts are labeled as nerve and contact number (DS = distal sciatic, PT = proximal tibial, M= median). Color denotes the proportion of times a descriptor
was selected at each PF. Participants used different words to describe their sensory experiences. However, descriptors were similar across contacts for each participant.

et al, 2021). For example, descriptors related to periodic sensa-  “pressure,” and “touch, were reported for high-PF stimuli
tions, such as “tapping,” “pulsing,” “twitching,” and “flutter,”  (Table 1). In addition, the total number of reported descriptors
were commonly selected for low-PF stimuli, whereas contin-  increased as a function of stimulation PF (linear regression,
uous sensations, such as “tingling,” “buzzing,” “electrical,”  p<<0.001).
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Table 1. The selection rate for perceptual descriptors differed for low-fre-
quency and high-frequency stimulation conditions

High frequency (>50 Hz)

Low frequency (<50 Hz)

Descriptor Selection rate Descriptor Selection rate
Tapping 36% Tingling 49%
Pulsing 34% Buzzing 28%
Tingling 29% Electrical 26%
Twitching 15% Vibrating 22%
Electrical 14% Pressure 13%
Flutter 7% Touch 12%
Vibrating 6% Movement 9%

Selection rates are given as the percentage of total trials that each descriptor word was reported across all
participants, contacts, and PWs. The top seven most frequently reported words for each frequency regime
are shown. Note that since multiple words can be selected for a single trial, the selection rates will not sum
to 100%.

Participants used similar descriptors across electrode con-
tacts, as evidenced by highly correlated descriptor selection
within participants (R* = 0.66 + 0.08, mean * SEM). The consis-
tency in reports across electrode contacts indicates that quality is
largely independent of which region of the nerve is stimulated.
However, the descriptors ascribed to individual stimuli varied
widely from participant to participant (Fig. 5), yielding weak cor-
relations in descriptor selections across participants (R* =
0.14 = 0.04). These variations likely reflect the participants’ idio-
syncratic descriptor preferences, since some words, such as tap-
ping and pulsing, may be construed as synonymous.

A robust representation of sensory quality

To overcome participant-specific descriptor choice and assess
the effect of PF on quality across participants, we computed dif-
ferences in descriptor selection between each pair of stimuli. To
this end, we first represented quality as a 30-element vector,
where each element corresponded to the proportion of trials
in which a given descriptor was selected. We then ran a
PCA on the vectors of individual participants to consolidate
redundant or highly correlated descriptors. Finally, we
computed the Euclidean distance between each pair of stim-
ulation conditions (PW and PF combinations) in this
reduced dimensional space. These distances represent the
perceived dissimilarity between pairs of stimuli, estimated
from the differences in descriptor selection (Fig. 6a,b).

We found that the resulting dissimilarity matrices were highly
consistent across participants and electrode contacts (Fig. 6a,b).
Indeed, dissimilarity matrices were significantly more similar
across participants (R> = 0.81 = 0.04) than were the descriptor
selections from which they were derived (R* = 0.14 = 0.04; one-
way ANOVA: F; 45)=35.80, p <0.001; Fig. 6c, teal bars). The
consistency in dissimilarity matrices across participants suggests
that the relationship between sensation quality and PF is similar
across participants, despite idiosyncratic descriptor usage.

Impact of PF on overall quality

Having established a robust representation of multidimensional
quality based on dissimilarity, we then assessed the degree to
which changes in PF led to changes in the quality of the evoked
percept. We found a sharp transition in sensation quality
between 20 and 50 Hz for all tested contacts. In fact, the dissimi-
larity between 20 and 50 Hz stimuli was significantly greater
than the dissimilarity between any other pair of adjacent fre-
quencies (ANOVA: F(; 197y =16.14, p < 0.001; Fig. 6d). In other
words, the perceptual quality was consistent across PFs ranging
from 2 to 20 Hz and across PFs from 50 to 1000 Hz, but these
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two subsets of stimuli felt very different from one another. There
was no systematic effect of stimulation PW on the dissimilarities
between successive PFs (ANOVA: F(; 197y =122, p=0.3).

We then determined the extent to which differences in PF
and PW resulted in differences in the evoked sensation. To quan-
tify the impact of PF and PW on quality, we averaged the dissim-
ilarity matrices across contacts and participants (Fig. 7a) and
regressed the resulting matrix on differences in PF or PW (APF,
APW). The regression model that included both APF and APW
yielded accurate predictions of dissimilarity (R*=0.67, F3725) =499,
p<0.001; Fig. 7b). While both APF and APW had significant
impacts on dissimilarity, the contribution of APF was much higher
than that of APW (standardized coefficients: Bapr = 0.17,
p<0.001; Bapw = 0.05, p<<0.001; Fig. 7c). The interaction
between APF and APW was significant but weak (8 apriapw =
—0.04, p < 0.001). We performed the same analyses on individual
participants’ data and obtained the same results, confirming that
these results were not an artifact of pooling.

Given the sharp transition in perceived quality ~50 Hz, we fit
separate regression models for the dissimilarity data at <50Hz
and >50Hz. At low PFs, the regression was nearly identical to
that obtained using the full dataset (R* = 0.74, Fi01)=214,
p<0.001; Bapr = 0.18, p<0.001; Bapw = 0.05, p<0.001;
B app«apw = —0.04, p < 0.001; Fig. 7d). In contrast, at high PFs,
the effect of PW dominated that of PF (R* = 0.74, F3,140)=302,
p<0.001; Bapr = 0.04, p<<0.001; Barpw = 0.11, p<<0.001;
BAPF*APW = —003,p < 0.001; Flg 76)

Relationship between perceived frequency and dissimilarity
Finally, we determined whether the effect of PF on dissimilarity
could be explained solely based on its effect on perceived fre-
quency. That is, we examined whether PF modulates perceptual
quality along a single continuum. To this end, we first regressed
dissimilarity on the perceived frequency ratings obtained in the
first experiment, then assessed whether the residuals covaried
with APF. In the low-frequency regime, we found that differen-
ces in perceived frequency predicted dissimilarity ratings well
(R* = 0.71, F(1 23 =545, p<0.001; Fig. 8a) and that APF was
not significantly predictive of the residuals (R* = —0.004,
F(1,223)=0.07, p=0.80; Fig. 8¢). Thus, the effect of PF on quality
is confined to a single continuum in the low-frequency regime.

In the high-frequency regime, we similarly found that per-
ceived frequency was a significant predictor of dissimilarity, as it
was in the low-frequency regime (R* = 0.53, F(1,142) = 164;
p < 0.001; Fig. 8b). However, APF continued to have a weak but
significant effect on dissimilarity ratings after regressing out the
effect of perceived frequency (R* = 0.07, F142)=11, p=0.001;
Fig. 8d). Thus, in the high-frequency regime, the effect of PF on
quality dissimilarity cannot be explained purely on the basis of
perceived frequency, consistent with the finding that perceived
frequency is not dependent on PF at those frequencies (Fig. 2).
Note, however, that the overall impact of PF on quality was weak
in the high-frequency range (Fig. 7e), so the magnitude of these
effects was small.

Discussion

Stimulation frequency shapes sensory quality <50 Hz

We find that the temporal pattering in the neuronal response,
which in this case was periodic and defined by PF, shapes the
perceived quality of electrically evoked tactile percepts both
along a single continuum—perceived frequency—and across a
multidimensional space defined by perceptual descriptors. The
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effect of PF on quality was most pronounced at low PFs,
below ~50 Hz. In this frequency range, increases in PF led
to increases in perceived frequency and systematic changes
in verbal reports of sensory quality. In addition, we found
that the impact of PF on verbally reported quality could be
accounted for by variations in perceived frequency, demon-
strating that PF modulates quality along a single contin-
uum. The fact that PW did not have a significant effect on
perceived frequency and had a marginal effect on overall
quality in this frequency range indicates that the effect of
PF on quality does not simply reflect a change in perceived
magnitude.

Together, these results show that temporal patterning in
the aggregate afferent response can modulate the quality of
tactile percepts at low frequencies, despite the fact that this
temporal patterning is distributed across afferents of all
classes. Thus, the differential recruitment of afferent classes
based on their frequency sensitivity profiles is not the only
factor that shapes quality perception, though it likely plays
an important role (Ochoa and Torebjork, 1983; Saal and
Bensmaia, 2014; Birznieks et al., 2019).

Changes in PF are indiscriminable at high frequencies
Changing the frequency of vibrations delivered to the skin results
in a change in the sensory experience along a continuum
described as “vibrotactile pitch,” underscoring its similarity to the
sensory consequences of changes in the frequency of an acoustic
tone (Roy and Hollins, 1998; Yau et al., 2009). Human observers
can reliably discriminate a change in vibrotactile frequency of
~20%, but sensitivity to changes in frequency decreases at higher
vibration frequencies (Goff, 1967; Mountcastle et al., 1969, 1990;
LaMotte and Mountcastle, 1975). Changes in vibrotactile frequency
also produce changes in perceived magnitude (Verrillo et al., 1969).
However, human participants can discriminate vibratory frequency
in the presence of concomitant and independent changes in vibra-
tory amplitude (Harvey et al., 2013), demonstrating that vibrotactile
frequency also shapes the quality of the percept.

The ability to perceive the frequency of a vibration is thought
to be mediated by a timing code in the nerve (Birznieks and
Vickery, 2017; Birznieks et al., 2019). Sinusoidal vibrations deliv-
ered to the skin elicit periodic, phase-locked spiking responses in
tactile nerve fibers, and the frequency of these responses matches
the frequency of stimulation (Talbot et al., 1968; Mackevicius et
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al,, 2012). When this temporal patterning is absent, for example
at low stimulus amplitudes, the ability to discriminate frequency
is abolished (Talbot et al., 1968).

Pulsed electrical stimulation of the nerve also produces a
highly periodic response in the activated tactile nerve fibers
(Formento et al., 2020), and this frequency-dependent temporal
patterning likely mediates the ability to discriminate the per-
ceived frequency of electrical pulse trains. In fact, sensitivity to
changes in the frequency of electrical stimulation is similar to its
vibrotactile counterpart, both yielding Weber fractions of ~0.2.
We also demonstrate that stimulation PF has a larger effect on
the quality of an electrically evoked sensation than it does on its
magnitude: the Weber fraction for PF along the perceived mag-
nitude continuum (0.3; Graczyk et al., 2016) is higher than that
along the perceived frequency continuum.

In contrast to vibrotactile frequency discrimination,
which can be achieved over a wide range of frequencies up to
400 Hz and beyond (Goff, 1967; Harvey et al., 2013), we
show that frequency discrimination of peripheral nerve stim-
ulation is only possible at frequencies below ~50 Hz. Above
this point, frequency discrimination falls to near chance.
This is surprising in light of the fact that nonhuman primates
can distinguish the PF of intracortical microstimulation up
to ~200 Hz, though sensitivity to changes in PF decreases at
high frequencies (Callier et al., 2020). While prior studies of
electrocutaneous stimulation reported discriminability of
pulse trains up to 100 Hz (Anani et al., 1977; Szeto et al,,
1979; Ng et al., 2020, 2021), the psychophysical tasks in these

Perceived dissimilarity is a robust way
to quantify quality

Quality is difficult to quantify because
this aspect of a sensory experience occu-
pies a high dimensional space and meas-
uring it relies on verbal reports, which
are often highly idiosyncratic. In this
study, the specific words chosen to
describe the qualitative sensory experiences varied widely across
participants. To mitigate this variability in descriptor selection,
we developed an approach to represent quality based on differen-
ces in the descriptors that participants ascribed to the sensations.
We found that this representation of quality was very similar
across participants, suggesting that tactile sensations evoked
from neural stimulation may be approximately equivalent across
individuals despite idiosyncratic descriptor usage. We propose
that our approach could be used in future studies of quality per-
ception to improve comparisons across participants when the
perceptual space is not confined to one or a few experimenter-
defined dimensions.

Quality abruptly changes at 50 Hz

As discussed above, the ability to discriminate PF was abolished
beyond ~50 Hz, and the influence of PF o