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Tonic Stimulation of Dorsal Root Ganglion
Results in Progressive Decline in Recruitment of
Aα/β-Fibers in Rats
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ABSTRACT
Objectives: In this study, we aimed to characterize the recruitment and maintenance of action potential firing in Aα/β-fibers
generated during tonic dorsal root ganglion stimulation (DRGS) applied over a range of clinically relevant stimulation parameters.

Materials and Methods: We delivered electrical stimulation to the L5 dorsal root ganglion and recorded antidromic evoked
compound action potentials (ECAPs) in the sciatic nerve during DRGS in Sprague Dawley rats. We measured charge thresholds to
elicit ECAPs in Aα/β-fibers during DRGS applied at multiple pulse widths (50, 150, 300, 500 μs) and frequencies (5, 20, 50, 100 Hz).
We measured the peak-to-peak amplitudes, latencies, and widths of ECAPs generated during 180 seconds of DRGS, and exci-
tation threshold changes to investigate potential mechanisms of ECAP suppression.

Results: Tonic DRGS produced ECAPs in Aα/β-fibers at charge thresholds below the motor threshold. Increasing the pulse width
of DRGS led to a significant increase in the charge required to elicit ECAPs in Aα/β-fibers, while varying DRGS frequency did not
influence ECAP thresholds. Over the course of 180 seconds, ECAP peak-to-peak amplitude decreased progressively in a
frequency-dependent manner, where 5- and 100-Hz DRGS resulted in 22% and 87% amplitude reductions, respectively, and ECAP
latencies increased from baseline measurements during DRGS at 10, 20, 50, and 100 Hz. Regardless of DRGS frequency, ECAP
amplitudes recovered within 120 seconds after turning DRGS off. We determined that ECAP suppression may be attributed to
increasing excitation thresholds for individual fibers during DRGS. Following 180 seconds of DRGS, an average of 7.33% increase
in stimulation amplitude was required to restore the ECAP to baseline amplitude.

Conclusions: DRGS produces a progressive and frequency-dependent reduction in ECAP amplitude that occurs within and above
the frequency range used clinically to relieve pain. If DRGS-mediated analgesia relies on Aβ-fiber activation, then the frequency or
duty cycle of stimulation should be set to the lowest effective level to maintain sufficient activation of Aβ-fibers.
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INTRODUCTION

Dorsal root ganglion stimulation (DRGS) provides effective relief
for patients with chronic pain stemming from complex regional
pain syndrome1–4 and causalgia,1 as well as pain in the groin,5

knee,6,7 and distal extremities.8–10 Despite its clinical success, the
mechanisms of action underlying DRGS-mediated analgesia are still
unknown, but several recent studies have investigated potential
DRGS mechanisms through preclinical and computational
models.11–15
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One potential mechanism that has been a focus of recent studies
is the low-pass filtering of pain signals at the T-junction of C-fibers
in the dorsal root ganglion (DRG).11,13,16–21 T-junction filtering is
due, in part, to the pseudounipolar structure of afferent neurons,
where the cell body is attached to the peripheral and central axons
via the T-junction and stem axon.17,18,22–24 Action potentials origi-
nating from the periphery must pass through the T-junction to
reach the spinal cord, and likewise, action potentials originating in
the soma or stem axon must pass through the T-junction before
propagating through either the peripheral or central axons.
T-junction filtering is thought to be an activity-dependent
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phenomenon occurring when trains of action potentials excite the
soma, causing electrotonic hyperpolarization of the soma, stem
axon, and T-junction, potentially generated by somatic SK
channels.13,21

Another potential mechanism for DRGS-mediated pain relief is
gate control,25 which also is hypothesized to mediate analgesia
during spinal cord stimulation (SCS).25–28 The gate control theory, in
part, postulates that interneurons in the substantia gelatinosa of the
dorsal horn regulate the transmission of peripheral signals from
afferent fibers entering the spinal cord.25 Briefly, recruitment of large-
diameter afferent fibers excites inhibitory interneurons that block or
gate the transmission of nociceptive signals from small-diameter
afferent fibers to projection neurons that transmit nociceptive
signals to the brain, thereby reducing pain. Additionally, the gate
control theory states that the ascendingdorsal column systemacts as
a central control trigger that activates selective pain processing
mechanisms that regulate properties of gate control.25

Studies have demonstrated the potential involvement of both
mechanisms. For example, several studies found that only Aα- and
Aβ-fibers, which transmit proprioceptive and touch information,
respectively, are activated by DRGS within the range of stimulation
parameters used in the clinic.12,29–31 While prior work from our
group and others has demonstrated that DRGS preferentially
induces activity in large-diameter, myelinated fibers as opposed to
smaller and unmyelinated fibers,12,29 few studies have investigated
how Aα- and Aβ-fibers respond to tonic DRGS over a longer
duration (ie, multiple minutes) and whether responses evoked by
stimulation change over time. To our knowledge, there is a lack of
studies thoroughly examining the effects of tonic DRGS on evoked
compound action potentials (ECAPs) in Aα- and Aβ-fibers.
In this study, we compared charge thresholds required to elicit

responses from Aα/β-fibers across multiple pulse widths and fre-
quencies around the clinical parameter range, and measured ECAP
responses to DRGS from the sciatic nerve during 180-second
intervals of stimulation. We observed a progressive and
frequency-dependent decline in ECAP amplitude over the 180-
second interval of stimulation and a gradual recovery to initial
amplitude following cessation of DRGS. Our study demonstrates
that DRGS preferentially activates large-diameter afferent fibers,
supporting gate control as a potential mechanism of DRGS-
mediated pain relief. However, if DRGS-mediated analgesia relies
on Aβ-fiber activation, even in part, then the frequency or
duty cycle of stimulation should be set to the lowest effective level
to maintain sufficient activation of Aβ-fibers during long-term
DRGS.

MATERIALS AND METHODS
Experimental Model
We performed nonsurvival experiments in a total of 20 adult

Sprague Dawley rats (11 female, nine male; >eight weeks old;
200–500 g; Charles River Laboratories, Wilmington, MA). All pro-
cedures were approved by the Institutional Animal Care and Use
Committee of Carnegie Mellon University (Pittsburgh, PA). We
induced anesthesia with isoflurane (inhalation, 4%–5%) and main-
tained anesthesia with isoflurane (inhalation, 1.5%–2.5%) for the
duration of the experiment. We applied lubricant to the eyes and
administered an intramuscular injection of glycopyrrolate (2.5 mL/
kg) to reduce salivary, tracheobronchial, and pharyngeal secretions.
We monitored respiratory rate, core temperature, and blink and
withdrawal reflexes throughout the experiment. After the
www.neuromodulationjournal.org © 2024 The Authors. Published b
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experiment concluded, the animal was euthanized with isoflurane
overdose (inhalation, 5%).

Surgery
Following induction, we shaved the lumbar region of the back

and the dorsal aspect of the hindlimb. To expose the caudal
portion of the L5 DRG, we made an incision over the L4-L6 lamina
and performed a partial laminectomy of the L5 vertebra. We placed
a bipolar, cylindrical electrode lead (platinum/iridium, contact
length = 0.76 mm, interelectrode spacing = 0.5 mm; Abbott
Neuromodulation, Plano, TX) over the dorsal aspect of the L5 DRG
to deliver DRGS.

We exposed the sciatic nerve ipsilateral to the target DRG and
bluntly dissected the nerve from the surrounding muscle and
connective tissue. We placed a tripolar cuff electrode (1.5-mm
diameter; Micro-Leads, Somerville, MA) around the nerve to mea-
sure evoked responses. We also inserted a pair of intramuscular
needle electrodes into the triceps surae muscle group for bipolar
electromyography, and a ground electrode either between the skin
and fascia of the hindlimb or near the base of the tail. After the
experiment concluded, we measured the distance along the sciatic
nerve from the stimulation site on the DRG to the recording site on
the sciatic nerve (mean ± standard deviation, 50.0 ± 2.7 mm; N = 20
animals) to determine the conduction velocity (CV) of evoked
responses in each animal.

Experimental Design and Analysis
We delivered bipolar electrical stimulation to the L5 DRG using

symmetric, biphasic waveforms of varying current-amplitude, pulse
width, and frequency, depending on the experimental paradigm
(see Recruitment, Tonic DRGS, and Mechanisms of ECAP Suppression).
While DRGS was delivered, we recorded ECAPs from the sciatic nerve
cuff electrodes. Electroneurogram (ENG) signals were sampled from
the sciatic nerve cuff electrode at 30 kHz and digitized using an Intan
headstage and recording system (RHD2216, Intan Technologies, Los
Angeles, CA) (Fig. 1a). We used conduction velocities to determine
which afferent fiber types were contributing to each identified ECAP
(Aα/β: >14 m/s; Aδ: 2.2–8 m/s; C: <1.2 m/s).32 We calculated con-
duction velocities of the ECAPs using the distance between the
DRGS and cuff electrodes and the latency of the first peak of the
ECAP. We performed all processing and analysis of the data in
MATLAB (MathWorks, Natick, MA). We bandpass-filtered (300–3000
Hz) the ENG data before further processing to identify ECAPs. We
blanked stimulation artifacts over a time window ranging from 100
μs to 1 ms in duration, depending on the pulse width applied in a
particular trial.

Recruitment
We conducted experiments to measure the charge threshold for

recruiting Aα/β-fibers by DRGS. We varied stimulus pulse width and
frequency around the typical clinical parameters (300 μs, 20 Hz)1,13

to test the effects of varying each parameter on Aα/β-fiber
activation thresholds (AT), or the charge required to elicit a
detectable ECAP, and Aα/β-fiber recruitment. When testing for
pulse width effects, we delivered DRGS at 20 Hz with pulse widths
of 50, 150, 300, and 500 μs. When testing for frequency effects, we
applied DRGS at frequencies of 5, 20, 50, and 100 Hz using 300-μs
pulses. In each trial, we randomized the amplitude of DRGS current-
pulses to generate recruitment curves of ECAPs recorded from the
sciatic nerve. For each amplitude level, we applied 50 to 300 pulses
y Elsevier Inc. on behalf of the
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Figure 1. Experimental setup and stimulation protocols. a. In the DRGS experiments, a partial laminectomy was performed to expose the caudal portion of the L5
DRG, and a bipolar stimulation lead was placed over the DRG under the remaining bone. Neural activity was measured from a tripolar nerve cuff electrode placed
around the sciatic nerve ipsilateral to the stimulation site. Stimulation protocols for the recruitment (panel b), recovery (panel c), and threshold change (panel d)
experiments show the amplitude levels and durations of time that DRGS was on or off. AT, activation threshold (μA); Amp, amplitude (μA). [Color figure can be viewed
at www.neuromodulationjournal.org]

AΑ/Β-ECAPS DECLINE DURING DRG STIMULATION
(3–15 seconds) to the DRG with a 5- to 10-second interval between
different amplitude levels. We also measured motor thresholds
(MTs) for each pulse width and frequency parameter combination.
We considered MT to be the charge level at which a muscle
contraction was visible in the hindlimb.
For each DRGS current-amplitude level, we used a bootstrapping

method, described in detail in prior studies30,33, to detect Aα/β-
fiber ECAPs. Briefly, stimulus-triggered averages (STA) were
generated from random samples of the ENG recorded during 80%
of the total stimulus repetitions (50–300). Depending on DRGS
frequency, we produced 50 random STA samples for trials with 5-
Hz DRGS and 100 samples for trials with 20-, 50-, or 100-Hz DRGS
for each trial. The RMS of each averaged ENG signal was calculated
using a 100-μs sliding window with 33-μs overlap with the previous
window. The ECAP detection threshold was defined as one stan-
dard deviation greater than the upper bound of the 99% CI of the
baseline RMS amplitude during a 1-millisecond period before each
stimulus. An ECAP was successfully identified in a given trial if the
same 100-μs RMS window contained suprathreshold values for 95%
of the random samples. Automatically detected ECAPs were vali-
dated by visual inspection. We defined the Aα/β-fiber AT for a
given recruitment trial as the lowest DRGS charge level (current-
amplitude × pulse width; nC) with a detected ECAP.
To compare initial ECAP amplitudes elicited at AT, amplitudes

from each tested frequency (5, 10, 20, 50, and 100 Hz) were aver-
aged to yield one value per frequency for each animal. The mean
amplitudes from each animal were normalized to the mean value
at 20 Hz for the corresponding animal. The amplitudes from one
animal were excluded because no 20-Hz trials were run during that
experimental session that could be used for normalization.
Unless stated otherwise, numerical results are reported as

mean ± standard deviation. We performed one-way analysis of
variance (ANOVA) and Tukey–Kramer post-hoc tests with α-level of
0.05 to assess differences in ATs due to DRGS frequency or pulse
www.neuromodulationjournal.org © 2024 The Authors. Published b
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width. We performed paired, two-tailed t-tests with α-level of 0.05
to compare Aα/β-fiber AT and MT in corresponding trials. We
performed one-way ANOVA and Tukey–Kramer post-hoc tests with
α-level of 0.05 to evaluate differences in initial ECAP amplitudes
due to DRGS frequency.

Tonic DRGS
To study whether evoked responses changed during extended

periods of stimulation and to assess the time necessary for ECAP
amplitude to recover fully, we delivered DRGS continuously in 180-
second intervals (Recovery Experiment) (Fig. 1c) at pulse fre-
quencies of 5, 10, 20, 50, and 100 Hz. To determine the recovery
time, we turned off DRGS for an interval of varying duration
(30–120 seconds; recovery phase) before turning it on for an
additional 30 seconds to measure ECAP amplitudes after the
recovery phase. In all results shown, we used 300-μs pulses and a
current amplitude equaling 120% of AT, which was determined for
each tested frequency before conducting tonic DRGS experiments.

We measured ECAP amplitudes throughout each 180-s bout of
tonic DRGS (Fig. 2). We identified ECAPs occurring during a time
window corresponding to the latency of Aα/β-fiber responses.
Specifically, we calculated the peak-to-peak amplitude of each
ECAP elicited during 1-second windows immediately after the
onset of DRGS (ie, 0–1 seconds after onset for 0 second time point)
and at 1-second intervals throughout each 180-second trial. We
normalized each ECAP measurement by subtracting the peak-to-
peak of the baseline ENG activity (measured in a 0.5-millisecond
window occurring before each DRGS pulse) from the peak-to-
peak of the ECAP to account for any changes in the baseline
noise level during trials. We calculated the mean and standard
deviation of the ECAP amplitudes in each 1-second window and
used these values for further processing. We averaged across
amplitudes in 1-second windows in all trials, regardless of DRGS
frequency, meaning that DRGS at 5 Hz resulted in five amplitude
y Elsevier Inc. on behalf of the
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Figure 2. ECAP peak-to-peak measurement. ECAPs were identified from the
180-s ENG recording in 1-s windows. In each 1-s window, there were between
five and 100 stimulus pulses, depending on DRGS frequency (5-Hz example
shown above). We measured the peak-to-peak of the ENG within a window
corresponding to the Aα/β-CV range (>14 m/s) and subtracted the peak-to-
peak of the baseline ENG in a 0.5-ms window before the stimulus pulse to
yield a single ECAP peak-to-peak measurement for each pulse. We repeated this
process for each pulse and calculated the mean and standard deviation (std) of
all peak-to-peak measurements within the 1-s window. [Color figure can be
viewed at www.neuromodulationjournal.org]
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measurements per 1-second interval, whereas DRGS at 100 Hz
yielded 100 measurements.
Additionally, we fit the ECAP amplitude (AECAP) measurements

obtained from each trial with exponential decay functions (ie,
AECAP= b1eb2t+b3, where t is time during DRGS) and obtained the
reported decay time constants (ie, b2) from each fit. We excluded a
small number of fits that were not statistically significant (p > 0.05)
and fits in which the value of the decay constant fell outside of
three standard deviations of the mean decay constant for that
particular frequency group (3.7% of total fits excluded). We pooled
the time constants across all trials and animals to yield a single
mean value and standard deviation for each tested frequency
(median adjusted R2 = 0.74). We calculated the final ECAP ampli-
tude for each trial as the mean of the last 15 seconds of amplitude
measurements from the exponential fit. To measure the rate and
extent of ECAP recovery, we compared the peak-to-peak amplitude
measured in the first 1-second interval of DRGS after the
variable-length recovery phase with the ECAP amplitude measured
immediately after onset of the initial tonic DRGS period (ie, baseline
level). We performed linear regression to model the recovery rate
of ECAPs during the 180-second interval following cessation of
tonic DRGS for each frequency group. A linear model of the form
y = mx + b was used, where x is the time in seconds since cessation
of DRGS and y is the amplitude of the ECAP, measured as a per-
centage of the initial ECAP amplitude. The slope (m) in this model
represents the recovery rate, and the intercept (b) represents the
ECAP amplitude at the end of the 180-second period of tonic DRGS.
We considered ECAP amplitude to be recovered fully when its
difference from the baseline amplitude was not statistically
significant.
www.neuromodulationjournal.org © 2024 The Authors. Published b
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We performed one-way ANOVA and Tukey–Kramer post-hoc
tests with α-level of 0.05 to evaluate differences in decay con-
stants, final ECAP amplitudes, and recovered ECAP amplitudes after
120 seconds due to DRGS frequency.
Mechanisms of ECAP Suppression
To explore potential mechanisms underlying the effects of tonic

DRGS on Aα/β-fiber recruitment, we measured ECAP latency and
width at baseline and at the time point corresponding to a 50%
reduction in ECAP amplitude. ECAP latency and width may provide
insight into the desynchronization of neuronal firing contributing
to ECAP amplitude or changes in the conduction velocities across a
subset of fibers.34–36 Desynchronization of the fibers contributing
to the ECAP may result in a lower response amplitude being
measured during DRGS without the response being attenuated. In
this case, a consistent population of fibers would be excited by
stimulation but at slightly different times, resulting in a delayed and
wider ECAP. ECAP latency and width measurements were obtained
from the average ECAP trace in 1-second windows during DRGS.
We defined the ECAP latency as the time from stimulus onset to the
time of the positive peak of the ECAP identified within the Aα/β-CV
window. To measure ECAP width, we identified both peaks of the
ECAP and defined the start of the negative peak as the midpoint
between the positive and negative peak amplitudes. We then
determined the halfway point of the negative peak between the
start of the peak and full negative peak amplitude and used this
amplitude to calculate the width. We identified the point at which
the ENG signal crossed this half-amplitude point (intersect function,
MATLAB) and defined the ECAP width as the time difference
between these two intersection points. ECAP peaks and intersec-
tion points used to calculate width were plotted and visually
inspected. Traces that did not contain identifiable ENG intersection
points were excluded from further analysis. Specifically, trials were
excluded if fewer than ten ECAP measurements could be obtained
from a 15-second window around the time point corresponding to
a 50% reduction in amplitude (4.4% of total trials excluded). Lastly,
we performed paired, two-tailed t-tests with α-level of 0.05 to
compare ECAP latencies or ECAP widths at baseline and at 50% of
ECAP amplitude.

We also performed experiments to determine whether fibers
contributing to the ECAP were undergoing changes in their exci-
tation thresholds during tonic DRGS. We delivered a pre-
conditioning period (3 seconds) of DRGS, followed immediately (~1
second) by tonic DRGS for 180 seconds to evaluate ECAPs before
and after tonic DRGS (Threshold Change Experiment) (Fig. 1d).
Then, we applied DRGS during a postconditioning period (3 sec-
onds) ~1 second after turning tonic DRGS off. ECAPs detected
during the preconditioning period served as a baseline for
comparing responses detected during the postconditioning period.
Again, we delivered tonic DRGS at a range of frequencies (5, 20, 50,
and 100 Hz) using 300-μs pulses and current amplitudes equaling
130% of AT. We delivered pre- and postconditioning periods of
DRGS with the same frequency and pulse width as tonic DRGS;
however, the current amplitudes for the pre- and postconditioning
periods were incremented by 1 μA in each subsequent trial to
determine the current level at which pre- and postconditioning
ECAPs were approximately equal in size.

To compare ECAP amplitude in the Threshold Change Experi-
ments (Fig. 1d), we generated an STA to yield a mean ECAP
waveform for each of the 3-second pre- and postconditioning
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AΑ/Β-ECAPS DECLINE DURING DRG STIMULATION
phases of DRGS. We calculated the peak-to-peak amplitude from
the mean ECAPs for the pre- and postconditioning phases of each
trial. We then used these amplitudes to calculate the ratio of
postconditioning ECAP amplitude to preconditioning ECAP ampli-
tude as a percentage. If this value was ≥90%, the pre- and post-
conditioning ECAP amplitudes were considered to be
approximately equal.
We performed a one-way ANOVA and Tukey–Kramer post-hoc

test with α-level of 0.05 to evaluate differences in the current
level required to generate an average ECAP in the postconditioning
phase that was at least 90% of initial ECAP amplitude due to DRGS
frequency. Additionally, we performed a paired t-test of both the
ECAP latencies and ECAP widths, comparing the values measured
during the pre- and postconditioning phases; values obtained
across all frequencies were grouped.
RESULTS
ECAP Recruitment Thresholds
The AT for recruiting Aα/β-fibers was measured across a range of

DRGS pulse widths and frequencies spanning the clinical parameter
range. The average CV for ECAPs was 47.4 ± 7.0 m/s, which is within
the CV range for Aα/β-fibers32 (N = 38 trials/seven animals). ECAPs
from Aδ- and C-fibers were not detected. The ATs to elicit ECAPs in
Aα/β-fibers were significantly lower (54% ± 16%) than the MTs (p <
0.001; N = 28 trials/five animals) (Fig. 3c). The AT increased with
Figure 3. DRGS sensory and motor thresholds. a. ATs were measured from the sciati
were measured from the triceps surae muscle and compared with activation thres
measured during the first 1 s after DRGS onset and normalized to the 20-Hz conditio
**p < 0.01; ***p < 0.001. nC, nanocoulomb. [Color figure can be viewed at www.n
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stimulation pulse width (50 μs: 7.4 ± 2.2 nC; 150 μs: 9.2 ± 1.9 nC;
300 μs: 10.5 ± 3.4 nC; 500 μs: 15.5 ± 3.7 nC; p < 0.001; N = 26 trials/
seven animals) (Fig. 3a). Specifically, increasing DRGS pulse width to
500 μs resulted in significantly larger ATs compared with all other
pulse widths (50 vs 500 μs: p < 0.001; 150 vs 500 μs: p < 0.01; 300
vs 500 μs: p < 0.05). Varying DRGS frequency, however, between 5,
20, 50, and 100 Hz did not change the ATs required to excite Aα/β-
fibers (5 Hz: 13.9 ± 3.8 nC; 20 Hz: 10.9 ± 4.3 nC; 50 Hz: 12.0 ± 3.2 nC;
100 Hz: 11.3 ± 3.1 nC; p = 0.51; N = 38 trials/ten animals) (Fig. 3b).

ECAP Amplitude Decline
ECAP peak-to-peak amplitudes at the onset of DRGS were

compared across frequencies because lower stimulation fre-
quencies have been shown to produce larger ECAPs in a previous
study of SCS.37 Mean initial ECAP amplitudes were 2.23 times larger
when DRGS was delivered at 5 Hz (the lowest tested frequency)
compared with DRGS delivered at the typical clinical frequency of
20 Hz, and significantly different from DRGS at 10, 50, and 100 Hz
(p < 0.001; 10 Hz: 1.35, 5 Hz vs 10 Hz: p < 0.05; 20 Hz: 1, 5 Hz vs 20
Hz: p < 0.001; 50 Hz: 1.16, 5 Hz vs 50 Hz: p < 0.01; 100 Hz: 1.05, 5 Hz
vs 100 Hz: p < 0.001; N = 10 animals) (Fig. 3d).

While DRGS frequency did not affect the charge level required to
elicit an ECAP in Aα/β-fibers, frequency did have an effect on the
maintenance of ECAP amplitude during extended intervals of DRGS,
as shown in representative examples from trials across frequencies
(Fig. 4). ECAPs remained clearly distinguishable from background
c nerve during DRGS with varying pulse widths and (panel b) frequencies. c. MTs
holds across all stimulation parameters. d. ECAP peak-to-peak amplitudes were
n from the same animal for comparing amplitudes across frequencies. *p < 0.05;
euromodulationjournal.org]
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Figure 4. ECAP amplitude reduction during tonic DRGS. Example ECAPs recorded in five separate trials during a single experimental session are shown. ECAP
waveform peak-to-peak amplitude declines progressively from onset (0 s) throughout the course of 180-s tonic DRGS delivered at 5, 10, 20, 50, and 100 Hz. a. Each
ECAP waveform represents the average waveform over a 1-s interval at 0, 30, 90, or 180 s after onset of DRGS. b. Average ECAP waveforms from the same example
trials (5, 20, and 100 Hz) are shown at intervals of 1 s throughout the full 180-s stimulation period. Stimulus pulses were delivered at 0 s, and the artifact was blanked
during postprocessing. [Color figure can be viewed at www.neuromodulationjournal.org]
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noise during 5- and 10-Hz DRGS, while ECAPs diminishedmuchmore
noticeably during 20-, 50-, and 100-Hz DRGS (Fig. 4a). ECAPs gener-
ated during 5-Hz DRGS exhibited only a slight decrease in amplitude
(Fig. 4b). During 20-Hz DRGS, ECAP size was reduced during the first
60 to 90 seconds of stimulation and returned with a diminished
amplitude for the final 30 seconds of the trial (Fig. 4b). When DRGS
was delivered at 100 Hz, ECAPs experienced a sharp reduction in
amplitude, making them indistinguishable from baseline noise after
approximately 30 seconds (Fig. 4b).
ECAP amplitudes declined progressively during the 3-minute

course of stimulation across DRGS frequencies from 5 to 100 Hz.
This progressive decline in ECAP amplitude was fitted by an expo-
nential decay function for each frequency of DRGS (Fig. 5a). After 180
s of tonic DRGS, ECAP amplitudes decreased from baseline levels
(measured 0-1 second after DRGS onset) in a frequency-dependent
manner to 77.9% ± 25.7% of initial size at 5 Hz and 13.1% ± 8.0%
at 100 Hz (10 Hz: 57.0% ± 12.8%; 20 Hz: 33.9% ± 11.6%; 50 Hz:
28.1% ± 12.8%; p < 0.001) (Fig. 5b). DRGS delivered at 50 Hz did not
www.neuromodulationjournal.org © 2024 The Authors. Published b
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produce significantly different reductions compared with DRGS at 20
Hz (p = 0.73); however, all other frequency pairs were significantly
different (p < 0.019). Increasing DRGS frequency also significantly
increased the magnitude of the decay constant of the corresponding
exponential functions (p < 0.001), leading to a quicker loss of ECAP
amplitude when DRGS was delivered at higher rates (5 vs 20 Hz:
p < 0.05; 5 vs 50 Hz: p < 0.001; 5 vs 100 Hz: p < 0.001; 10 vs 50 Hz:
p < 0.001; 10 vs 100 Hz: p < 0.001; 20 vs 50 Hz: p < 0.05; 20 vs 100
Hz: p < 0.001) (Fig. 5c).

ECAP Recovery
We paused stimulation for 120 seconds to study the recovery of

ECAP amplitude following each 180-second period of tonic DRGS.
ECAPs were measured at 0, 30, 60, and 120 seconds following
cessation of DRGS. Across all conditions, ECAP amplitudes returned
to baseline during the 120-second recovery period (p > 0.05)
(Fig. 6b). When DRGS was delivered at 5 Hz, however, ECAP
amplitudes returned to baseline within 60 seconds of DRGS
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 5. Frequency-dependent exponential decline in ECAP amplitude. a. Normalized ECAP peak-to-peak amplitudes calculated at 1-s intervals during tonic DRGS
were fit with one-term exponential functions. The mean of the fitted values across all trials and standard deviation are shown. b. The mean normalized ECAP peak-to-
peak amplitude over the final 15 s of tonic DRGS and (panel c) the decay constant for each fit are shown. *p < 0.05; ***p < 0.001. [Color figure can be viewed at
www.neuromodulationjournal.org]
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cessation. We approximated the rate of recovery as the slope of the
linear fit to the average ECAP amplitude vs recovery time, from 0 to
120 seconds (Fig. 6b). The rates of recovery, expressed as changes
in normalized ECAP amplitude per second, ranged from 0.22%
following 5-Hz DRGS to 0.65% following 50-Hz DRGS.

Potential Mechanisms of ECAP Decline
To determine whether desynchronization may be causing the

reduction in Aα/β-ECAP amplitude, we measured ECAP latency and
width. We compared mean ECAP latencies (or widths) recorded
during the first 15 s following DRGS onset (0–15 seconds) with
mean latencies (or widths) during a 15-second interval immediately
after the ECAP amplitudes were diminished by 50% from baseline
in all Recovery Experiment trials. We determined this second time
point using the exponential fits for each tonic DRGS trial (Fig. 5a).
ECAP latencies increased significantly from the onset of DRGS to
the time point at which ECAP amplitudes were diminished to 50%
of baseline size during DRGS delivered at 20 (p < 0.01), 50 (p <
0.001), and 100 Hz (p < 0.001) (Fig. 7b). Overall, ECAP latencies also
increased during 10-Hz DRGS, but the change was not statistically
significant (p = 0.106). Mean ECAP latency increases were 0.052 ±
0.079 milliseconds at 10 Hz, 0.025 ± 0.031 milliseconds at 20 Hz,
0.051 ± 0.033 milliseconds at 50 Hz, and 0.067 ± 0.055 milliseconds
at 100 Hz (Fig. 7b,c). ECAP peak width did not change significantly
from the onset of DRGS to the time point at which ECAP peak-to-
peak amplitudes were reduced to 50% of baseline size across all
frequencies (p > 0.05) (Fig. 7d).
We sought to determine whether tonic DRGS could increase

the excitation thresholds for eliciting Aα/β-ECAPs by varying the
amplitude of the DRGS current-amplitude delivered (N = seven
www.neuromodulationjournal.org © 2024 The Authors. Published b
International Neuromodulation Soci
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animals). We hypothesized that tonic DRGS led to an increase in
the excitation thresholds of a subset of Aα/β-fibers contributing
to the ECAP. To measure these changes, we delivered DRGS for a
period of 3 seconds at a fixed current-amplitude (precondition-
ing), followed by 180 seconds of tonic DRGS at 130% AT, and
finally, a second period of DRGS for 3 seconds at the initial
current-amplitude (postconditioning) (Fig. 1d). We compared the
peak-to-peak amplitudes of the mean ECAP waveforms during
the pre- and postconditioning periods of DRGS. After condition-
ing with 180 seconds of tonic DRGS, the ECAP size was reduced
but could be recovered fully (ie, ≥90% initial ECAP amplitude) by
increasing the amplitude of the DRGS pulse by an average of
7.33% over the amplitude used during the conditioning interval
(130% AT) (Fig. 8). DRGS frequency did not have a significant
effect on the current level required to recover the ECAP ampli-
tude to initial size (p = 0.754). However, the mean increase in
current required did trend higher as DRGS frequency increased
(Fig. 8b). The latencies of the ECAPs that recovered to at least
90% of their initial amplitude were significantly slower in the
postconditioning phase (1.444 ± 0.099 milliseconds) than in the
preconditioning phase (1.422 ± 0.102 milliseconds) of the corre-
sponding trial (p < 0.001). The widths of the recovered responses
did not change between the pre- (0.171 ± 0.028 milliseconds)
and postconditioning (0.165 ± 0.021 milliseconds) phases (p >
0.05).

DISCUSSION

In this study, we examined the effects of tonic DRGS applied over
a range of frequencies on antidromic, evoked activity in Aα/β-fibers
y Elsevier Inc. on behalf of the
ety. This is an open access article
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Figure 6. ECAP recovery following 180-s DRGS. a. Example ECAP waveforms recorded in three separate 50-Hz DRGS trials during a single experimental session are
shown. Each panel shows the ECAP at onset of the tonic DRGS period (gray) and ECAP recorded immediately (0–1 s) following the recovery period (orange) of 30, 60,
or 120 s (DRGS off). b. ECAP peak-to-peak amplitudes (mean ± standard deviation as percentage of initial ECAP amplitude) and corresponding linear fits of the
average ECAP amplitudes are shown at 0 s since DRGS (end of tonic stimulation period) and recovery periods of 30, 60, and 120 s. The adjusted R2 values are included
for each fit. [Color figure can be viewed at www.neuromodulationjournal.org]
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of the sciatic nerve. We first verified that DRGS recruits large-
diameter afferent fibers, with conduction velocities consistent
with Aα/β-fibers, at lower charge thresholds than are required to
elicit hindlimb motor activity. We then stimulated the L5 DRG
tonically for 180 seconds and showed a progressive, frequency-
dependent reduction in the amplitude of peripheral ECAPs dur-
ing stimulation that was subsequently recovered 120 seconds after
discontinuing stimulation. Decreases in ECAP amplitude occurred
during DRGS delivered at frequencies as low as 5 Hz, with the
greatest reductions occurring during DRGS at 100 Hz. We also
found that ECAP latencies increased significantly during DRGS
delivered at 20 Hz or higher. However, ECAP widths were consis-
tent throughout the stimulation period, demonstrating that the
reduction in ECAP amplitude was unlikely due to desynchroniza-
tion of firing in individual fibers contributing to the ECAP. Finally,
we tested whether excitation threshold changes in individual fibers
may be responsible for ECAP attenuation, and demonstrated that
immediate and full recovery of the ECAP amplitude could be
achieved by increasing the amplitude of DRGS pulses. Collectively,
these results suggest that if DRGS-mediated analgesia relies on Aβ-
fiber activation, then the frequency of stimulation should be set to
the lowest possible level to maintain sufficient activation of Aβ-
fibers. Alternatively, pausing DRGS periodically may allow recovery
of Aβ-fiber excitability, sustaining their influence during tonic
stimulation.
www.neuromodulationjournal.org © 2024 The Authors. Published b
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Recruitment Thresholds
In our recruitment experiments, we measured ATs for Aα/β-fiber

ECAPs that were approximately 50% of the MT, which is consistent
with our prior results in a feline model of DRGS.29 We observed an
expected relationship between stimulus pulse width and AT based
on known charge-duration curves,38,39 where increasing pulse
width in a range from 50 to 500 μs resulted in an increase in the
charge necessary to generate an ECAP in Aα/β-fibers.

We also verified that ATs were independent of stimulation fre-
quency, within a range from 5 to 100 Hz. The relationship between
stimulation frequency and recruitment is less well-defined than
that of pulse width and recruitment, and prior studies have shown
that higher frequencies of stimulation may lead to reduced ECAP
amplitudes over extended periods of stimulation.37,40 As hypoth-
esized, we did not observe a significant effect of DRGS frequency
on ATs required to elicit ECAPs in Aα/β-fibers. However, we did find
that the peak-to-peak amplitude of the initial ECAPs recruited (ie,
0–1 second after DRGS onset) during DRGS at 120% AT intensity
was significantly larger during 5-Hz stimulation than stimulation at
higher frequencies.
ECAP Suppression
While DRGS effectively relieves chronic pain in the clinic, its

mechanisms are not well understood. Few studies have
y Elsevier Inc. on behalf of the
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Figure 7. ECAP latency and width during DRGS. ECAP latency and width during DRGS. a. ECAP latency was defined as the time elapsed between the onset of the
DRGS pulse and the positive peak of the ECAP waveform. ECAP width was measured from the intersection points midway between the halfway point (purple line)
and the negative peak location. b. ECAP latencies measured at the onset of continuous DRGS were lower than the ECAP latencies measured at the time point in
which ECAP peak-to-peak amplitudes were reduced to 50% of baseline size across frequencies. c. The mean differences in latency ranged from 25 (20 Hz) to 67 μs
(100 Hz). Error bars represent 95% confidence bounds. d. ECAP width did not change significantly during DRGS across all frequencies. **p < 0.01; ***p < 0.001. Pk,
peak; Pt, point. [Color figure can be viewed at www.neuromodulationjournal.org]

AΑ/Β-ECAPS DECLINE DURING DRG STIMULATION
investigated how afferent fibers respond to tonic DRGS,11–13,16 and
to our knowledge, there is a lack of studies examining how the
recruitment of Aα/β-fibers changes during tonic DRGS. Herein, we
observed a frequency-dependent reduction in peak-to-peak ECAP
amplitude during tonic DRGS delivered at multiple frequencies
between 5 and 100 Hz. We selected this particular frequency range
Figure 8. Threshold increases after tonic DRGS. a. The peak-to-peak amplitude of th
DRGS intervals was calculated for each increasing current step from 130% AT for DR
tonic DRGS current required to restore the ECAP to at least 90% of preconditioning
www.neuromodulationjournal.org]
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to examine the effects of tonic DRGS on evoked activity because it
is typically delivered clinically at frequencies between 20 and 40
Hz.1,13 The depressive effect on ECAP amplitude was much greater
at higher frequencies, resulting in a nearly complete suppression
(87%) during 100-Hz stimulation. Although DRGS applied within
this clinical frequency range did not produce complete
e average ECAPs recorded during the 3-s pre- (black line) and postconditioning
GS trials at 5, 20, 50, and 100 Hz as examples. b. The percentage increase from
ECAP amplitude in the postconditioning phase. [Color figure can be viewed at
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suppression, stimulation at 20 and 50 Hz resulted in a 66% and 73%
reduction in average ECAP amplitude, respectively. At lower fre-
quencies, the ECAP attenuation during tonic DRGS was much
lower; 5- and 10-Hz stimulation produced only 22% and 43%
attenuation, respectively.
A similar reduction in ECAP amplitude has also been reported

during SCS with electrodes positioned over the dorsal col-
umns37,40,41 in animal and human studies. A recent study in
patients with SCS implants reported that increasing stimulation
frequency from 2 to 455 Hz during conventional SCS resulted in
progressively smaller ECAPs.37 The authors suggested two potential
explanations for the reduced ECAP size with increasing SCS fre-
quency: increases in excitation thresholds42–46 or intermittent
conduction block47–49 among a set of fibers. However, they were
unable to investigate further because of their study design. Addi-
tionally, Shechter et al40 showed that both conventional (50 Hz)
and high-frequency (1 kHz) SCS delivered at a current intensity just
below the Aδ-fiber excitation threshold decreased Aα/β-fiber
ECAPs in the sciatic nerve induced by dorsal root stimulation in rats.
However, SCS at a lower current-amplitude (ie, Aα/β-fiber excitation
threshold) produced a reduction in ECAP amplitude only when
stimulation was delivered at 1 kHz. In light of our findings, which
were obtained using a much lower DRGS frequency range (5–100
Hz vs 1 kHz), these results may suggest that different mechanisms
contribute to ECAP amplitude reduction during conventional SCS
(40–60 Hz) or DRGS (20–40 Hz) and high-frequency stimulation
paradigms.
Potential Mechanisms of ECAP Suppression
Recent studies have demonstrated that high-frequency SCS

(1–10 kHz) excites Aα/β axons in the dorsal columns but in an
asynchronous manner, where axons do not fire in response to
every stimulus of a high-frequency pulse train.41,47 Deep brain
stimulation (DBS) studies have described a similar effect, in which
axons were unable to respond reliably to pulse trains of higher
frequencies (ie, 100 or 200 Hz), resulting in a frequency-dependent
reduction in amplitude over the course of stimulation applied to
the hippocampus34,50 and subthalamic nucleus.51 In comparison
with stimulation frequencies reported in the SCS and DBS literature,
we observed a reduction in ECAP amplitudes over a lower range of
frequencies (5–100 Hz). Therefore, our findings are unlikely to result
from the desynchronization of firing across fibers contributing to
ECAPs.
An alternative explanation for ECAP attenuation during pro-

longed stimulation may involve changes in neuronal excitability
that lead to increased excitation thresholds. Several studies have
demonstrated that human cutaneous afferent fibers undergo
activity-dependent decreases in excitability due to a hyperpolar-
ization produced by electrogenic sodium/potassium pumps.42,52–54

These increases in fiber threshold have been observed during
sustained repetitive stimulation with frequencies as low as 8 Hz in
humans but are larger with stimulation at higher frequencies of 20
and 30 Hz.42 Furthermore, our results suggest that excitation
threshold changes are likely a contributing factor to the observed
ECAP decline. Herein, we demonstrated that an ECAP of equal size
to baseline measurements could be obtained immediately
following a 180-second bout of tonic DRGS with an increase in
DRGS current amplitude of ~7% (Fig. 8). We also observed a trend,
although not significant, indicating that higher DRGS frequencies
produced greater decreases in excitability.
www.neuromodulationjournal.org © 2024 The Authors. Published b
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Clinical Significance
DRGS has been shown to be effective in relieving pain over a

range of stimulation frequencies in both animal and clinical studies,
although the mechanisms responsible for analgesia may depend
on frequency. Achieving pain relief through low-frequency DRGS,
specifically, is advantageous because it allows implanted stimula-
tors to maintain longer battery life. Clinical studies have shown that
DRGS with frequencies as low as 4 Hz is effective in maintaining
pain relief in patients with chronic pain stemming from a variety of
pain etiologies when DRGS frequency is tapered from initial levels
of 1655 or 20 Hz.56 Stimulation delivered with frequencies at or
under 5 Hz has been shown to inhibit pain through activation of
low-threshold mechanoreceptors (LTMR), but LTMR activation
hardly affects pain behavior when stimulation is applied with
higher frequencies.57 Koetsier et al58 also reported no significant
differences in the maximal pain-relieving effects of DRGS delivered
at frequencies of 1, 20, and 1000 Hz in rats with painful diabetic
polyneuropathy. DRGS applied only at 1 Hz resulted in a delayed
washout effect, leading the authors to suggest that 1-Hz DRGS
specifically may stimulate Aδ-fibers and induce Aδ-mediated long-
term depression in the dorsal horn.58,59 We did not observe Aδ-
fiber activation with the DRGS current-amplitude levels and fre-
quencies (≥5 Hz) used in our study; however, we did likely activate
Aβ-LTMRs with our stimulation parameters. In the present study,
we observed much less suppression of Aα/β-ECAP responses dur-
ing 5-Hz DRGS as compared with higher frequencies. Taken
together with studies highlighting the clinical effectiveness of low-
frequency DRGS, our results suggest that maintaining more
consistent Aα/β-fiber activation during tonic DRGS may be impor-
tant for achieving pain relief.

We observed a progressive (ie, time-dependent) and frequency-
dependent decline in Aα/β-fiber recruitment during tonic DRGS that
resulted in at least a 50% reduction for stimulation frequencies at or
above 20 Hz. Gate-control mechanisms may still be partially effective
when nearly 50% of Aα/β-fibers remain activated. However, with the
large reduction in Aα/β recruitment at increasing frequencies, DRGS
may be less likely to engage gate-control mechanisms to produce
long-term analgesia at these frequencies.25 Alternative mechanisms
for DRGS-mediated analgesia include T-junction filtering and local γ-
aminobutyric acid (GABA)-mediated gating. T-junction filtering results
in a decreased rate of action potentials passing through the central
axon during repeated stimulation.11,13,16–21 This filtering effect has
been shown to occur primarily in C- and Aδ-fibers during DRGS
delivered at frequencies between 5 and 100 Hz.11 However, it has also
been shown to affect Aβ-fibers, but to a much smaller degree and
primarily during DRGS delivered at higher frequencies (ie, 50 and 100
Hz).11 Filtering of painful signals transmitted through C- and Aδ-fibers
has been shown to play a role in analgesia, but the DRGS AT for type C
neurons has been reported to be ~1.5 times higher than the AT for
type A neurons.11

Nociceptive signaling may also be attenuated through GABA-
mediated gating occurring within the DRG itself.60 Notably, DRGS
has been shown to not cause an increase in extracellular GABAwithin
the dorsal horn.61 Du et al60 (2017), however, showed that depolariz-
ing stimuli cause a release of GABA from large-, medium-, and small-
diameter DRG neurons and that an infusion of GABA or GABA reup-
take inhibitors into the DRG relieves neuropathic pain. Therefore,
excitation of large-diameter fibers, as we have shown in the present
study, may lead to GABA-mediated gating that, in turn, results in
decreased signaling through small-diameter fibers and a reduction in
pain.
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The neuronal mechanisms of pain have been shown to differ
between females and males;62,63 however, clinical studies of DRGS
and SCS show similar pain relief in both female and male
participants.64–66 While we did not design our study to address
differences in DRGS recruitment due to sex, we performed a post-
hoc analysis to evaluate the effects of sex on ECAP attenuation.
After grouping the data across frequencies, we found that ECAP
attenuation was significantly stronger in female rats than in male
rats (Supplementary Fig. 1). Additionally, ECAP attenuation was also
significantly stronger in smaller rats (<306 grams) than in larger
rats (>324 grams) included in this study (Supplementary Fig. 2).

Limitations
We performed our study in healthy, anesthetized animals

because our primary aim was to characterize the effects of DRGS on
large-diameter fiber recruitment. Without measuring ECAPs during
DRGS in a pain model, it is unclear how the suppression of Aα/β-
ECAPs contributes to pain perception. Therefore, future studies
should examine how changes in Aα/β-ECAP amplitude contribute
to changes in pain behavior during DRGS. Additionally, we chose to
focus on DRGS frequency effects and, accordingly, stimulated at
two current-amplitude levels proportional to AT (120% and 130%
AT). Previous studies have defined an acceptable amplitude range
to be <80% MT11,67 in animal studies involving DRGS. Stimulation
at 60% MT has been demonstrated to be effective in reflex
behavioral testing, whereas DRGS at 80% MT has been shown to be
effective in both reflex behavioral testing and conditioned place
preference testing.67 In clinical settings, DRGS is delivered at cur-
rent levels capable of activating afferent fibers and generating
paresthesias without inducing pain or muscle activity.3,68–70

Therefore, we used AT as a metric for determining current levels
and found that 120% AT or 130% AT were within an acceptable
amplitude range to mimic clinical stimulation intensities.
Because we used nerve cuff electrodes for recording from the

sciatic nerve, we were unable to detect single-unit activity from
individual fibers within the nerve. Recording single-unit activity
would allow us to measure changes in excitability of individual
fibers and, therefore, confirm whether their excitation thresholds
are indeed changing over the course of stimulation. It is also
typically difficult to detect activity in small-diameter fibers, such as
C-fibers, from antidromic ECAPs recorded from outside of the
neural sheath and during electrical stimulation at frequencies
greater than 1 Hz because of the activity-dependent slowing of
successive action potentials.71–74 In this study, however, our pri-
mary aim was to measure recruitment of Aα/β-fibers, which can be
detected reliably from nerve cuff electrodes during stimulation
delivered at all frequencies and with charge thresholds well below
those shown to activate C-fibers.11

Additionally, we characterized antidromic responses in the
peripheral nerve; however, signals entering the spinal cord through
central axonal processes mediate the sensations perceived during
electrical stimulation or pain. Peripheral ECAPs should be represen-
tative of firing occurring in the DRG and being propagated to the
spinal cord, but signals propagating centrally may undergo addi-
tional filtering between the T-junction and central axonal process
due to the smaller diameter of the central axon relative to the
peripheral process.17,18,21,24 However, the impedance mismatch
primarily responsible for the low-pass filtering effect is due to the
pseudounipolar structure of the primary sensory neuron.17,18,21
www.neuromodulationjournal.org © 2024 The Authors. Published b
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Therefore, it is important to further investigate the effects of DRGS
on Aα/β-neuron activity in the dorsal root or spinal cord to under-
stand the central effects on pain.

CONCLUSIONS

In this study, we demonstrated that tonic DRGS recruits Aα/β-
fibers with typical clinical stimulation parameters and generates a
frequency-dependent reduction in the resulting ECAPs. ECAPs were
diminished during DRGS applied at frequencies ranging from 5 to
100 Hz, with the greatest reductions occurring during higher
stimulation frequencies. The observed suppression in ECAP ampli-
tude may be attributed to increases in excitation thresholds of
individual fibers contributing to the evoked response. Our findings
provide further evidence that DRGS evokes activity in large-
diameter afferent fibers, supporting gating in the dorsal horn as
a potential mechanism of DRGS-mediated pain relief, although this
evoked activity progressively decreases over extended periods of
stimulation. However, if DRGS-mediated analgesia relies on Aβ-
fiber activation, then the frequency or duty cycle of stimulation
should be set to the lowest effective level to maintain sufficient
activation of Aβ-fibers during long-term DRGS.
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