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Background: Variation in the intensity of neurostimulation with body position is a
practical problem for many patients implanted with a spinal cord stimulation system because
positional changes may result in overstimulation or understimulation. These posture-related
changes in patients’ perception of paresthesia can affect therapeutic outcomes of spinal
cord stimulation therapy. An accelerometer-based algorithm that automatically adjusts
spinal cord stimulation based on sensed body position or activity represents a potential
solution to the problem of position-mediated variations in paresthesia perception.

Objective: The objective of this study was to compare patient satisfaction ratings for
manual versus automatic adjustment of spinal cord stimulation amplitude in response to
positional changes.

Study Design: Prospective, multicenter, open-label, randomized trial
Setting: 2 pain centers in the US.

Method: Twenty patients at 2 centers in the U.S. who had been implanted with a
spinal cord stimulation system for low back and/or leg pain were enrolled in the study.
During a 3-day run-in phase, patient position and activity changes were monitored with
an ambulatory data recorder and with a research patient programmer which recorded all
stimulation parameter changes. Patients who made > 2 amplitude adjustments per 24-
hour period were invited to participate in an in-clinic phase. During the in-clinic phase,
patients’ preferred stimulation amplitude and therapy impedance measured at the preferred
stimulation amplitude were determined as they performed a series of 8 physical tasks.
Satisfaction ratings were determined during position transitions between the physical tasks
using both manual and automatic adjustments.

Results: Among the 15 patients who completed the in-clinic test protocol, overall
satisfaction ratings were significantly higher for automatic adjustment of stimulation
amplitudes versus manual adjustments. Patients reported statistically significant
improvements with automatic versus manual adjustment for the standing to supine
transition and for supine to standing transition. Approximately 74% of participants rated
the paresthesia intensity of the automatic adjustment algorithm as “just right” for the
physical tasks that were completed.

Limitations: Small study size.

Conclusion: Patients preferred automatic versus manual adjustment of stimulation
amplitude in response to changes in paresthesia consequent to positional changes during
in-clinic testing.

Key words: spinal cord stimulation, automaticity, paresthesia, neuromodulation,
neurostimulation, adaptive stimulation, posture responsive stimulation, accelerometry
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pinal cord stimulation (SCS) is an accepted

and increasingly common therapy for the

treatment of various types of chronic pain of
the trunk and limbs. The most frequent indication is
chronic low back and/or leg pain that persists despite
corrective back surgery (1-4). Recent systematic reviews
(1), and prospective, randomized, controlled studies
(5-7) have demonstrated that SCS therapy provides
significant long-term pain relief in carefully selected
patients. SCS therapy generates paresthesia that
reduces the perception of pain. For maximum efficacy,
the paresthesia sensation must substantially cover the
patient’s pain distribution, and the patient must perceive
the paresthesia intensity as comfortable. If paresthesia
coverage does not provide sufficient overlap with a
patient’s pain, therapy success will be compromised
(8). Similarly, paresthesia intensity should be delivered
at a power that is both effective for treatment and
comfortable to the patient (9). Paresthesia levels that
are too weak will be ineffective, while levels that are
too intense might be perceived as painful.

Recent technological advances facilitate tailoring
neurostimulation therapy to meet individual patient
needs. Sophisticated programming options can adapt
neurostimulation therapy to changing pain patterns
(10). With the newest neurostimulators, the electrical
field can be shaped using combinations of anodes and
cathodes on multiple leads. Rechargeable devices per-
mit higher stimulation parameters without compromis-
ing device longevity. Similarly, patient programmers
now make it possible for patients themselves to adjust
their therapy (within clinician-prescribed limits) to a de-
gree previously not possible. Because patients typically
experience changes in their perception of paresthesia
over time (11), these programming options can improve
the likelihood of long-term effective pain management.

Several studies have documented changes in the
location and intensity of paresthesia due to position
changes (9,12,13). These changes in paresthesia intensi-
ty might be due to changes in the distance between the
lead in the epidural space and the dorsal column fibers
(13-15). Paresthesia perception during movement from
the standing to supine position is particularly affected
for many patients. For example, a patient might find
that the paresthesia intensity that provides the best
pain coverage and comfort for standing might be too
intense in the supine position. Conversely, the paresthe-
sia intensity in the supine position might provide inad-
equate pain relief when the patient is standing. While
patients can use their patient programmer to adjust

stimulation levels to improve comfort, making adjust-
ments multiple times per day can affect quality of life.
Furthermore, even though technology improvements
have made patient programmers more powerful and
easier to use, not all patients are equally adept at using
them. Thus, some patients endure ongoing suboptimal
pain relief because of insufficient use of their patient
programmers. This paper reports the results of the Pos-
ture Responsive Spinal Cord Stimulation (PRS) study, a
prospective, multicenter, open-label, randomized study
to examine the feasibility and utility of an accelerom-
eter-based algorithm that automatically adjusts spinal
cord stimulation based on position changes or activity.
Automatic adjustment of stimulation amplitude might
be referred to as adaptive stimulation also in this paper.

METHODS

Institutional Review Board and Patient
Informed Consent

This study enrolled 20 patients at 2 centers in the
United States between August 2008 and January 2009.
The Institutional Review Board at each site approved
the protocol. All patients signed a study-specific in-
formed consent form prior to study enrollment.

Patient Selection

Eligible patients were ambulatory and at least
18 years of age. They suffered from chronic low back
pain and/or leg pain due to neuropathic causes and
had been implanted with a neurostimulation system
(Restore® or Restore Advanced®, Medtronic Inc., Min-
neapolis, MN) with percutaneous leads for at least 3
months. Patients demonstrated stable pain control with
their neurostimulation system (defined as satisfaction
with current settings for at least one post-implant pro-
gramming session) and used their patient programmer
to adjust stimulation amplitude at least 2 times per 24-
hour period for position changes or activity during a
3-day run-in phase. Patients were excluded if they were
pregnant, morbidly obese (body mass index > 40), had
pain-related surgery in the 12 weeks prior to enroll-
ment, or intended to undergo surgery during the study
period.

Stupy DEsIGn

The study design is depicted in Fig. 1. The study en-
compassed both out of clinic and in-clinic phases. Dur-
ing an initial run-in phase, baseline demographic data
were collected on consenting study participants and the
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Fig. 1. Study design. A total of 20 patients were enrolled with 15 completing the acute in-clinic phase. Manual adjustment and
two automatic adjustment algorithms were administered in randomized order as patients completed a physical task protocol.

Oswestry Disability Index (ODI) was administered to as-
sess patient function. Participants were then fitted with
an ambulatory data recorder (Micro ADR, Medtronic,
Inc., Minneapolis, MN), which was calibrated and used
to monitor participants’ position changes and activity
for 3 days in an outpatient setting. Patient programmer
usage was also recorded during this time period.

3-Day Monitoring Phase

The purpose of the out-of-clinic 3-day monitoring
phase was to ensure that participants in the acute in-
clinic phase of the study used their patient program-
mer to change the stimulation amplitude in response to
changes in body position or activity. Participants were
also provided with electronic diaries to record activities
of daily living and research patient programmers that
logged every stimulation parameter adjustment. Based
on analysis of the 3-day monitoring data, patients who
made at least 2 stimulation amplitude adjustments per
24-hour period due to position changes or activity were
invited to participate in the in-clinic phase of the PRS
study.

In-Clinic Phase

The purpose of the in-clinic phase was to test auto-
matic adjustments and to compare satisfaction ratings
between automatic and manual adjustments. During
this phase, the participant’s implantable neurostimu-
lator was interrogated to record baseline stimulation
parameters. Paresthesia thresholds (perceptual and
unacceptably strong) were assessed in the following
positions: standing, sitting, lying supine, lying on right
side, lying prone, lying on left side, reclining at 45°,
and walking on a treadmill. Following these assess-
ments the PRS Study instrumentation was fitted and
the sensor module calibrated to the participant’s body
by taking accelerometer measurements in the upright,
supine, prone, on left, and on right lying positions.
Patient-preferred amplitudes in the supine, prone,
on left, on right, upright, and upright mobile were
also determined. Thus, during the adaptive stimula-
tion tests the implantable neurostimulator automati-
cally adjusted the stimulation amplitude based on the
sensed body position and the patient preferred stimu-
lation amplitudes.
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PRS Study Instrumentation

The in-clinic study instrumentation used to execute
adaptive stimulation is shown in Fig. 2. The Micro AD-
RIl, a bandage-mounted sensor module containing a
single ADXL-330 triaxial accelerometer from Analog
Devices (Norwood MA), measured body acceleration.
The sensor modules were attached to the body of each
study patient with hypo-allergenic foam tape spe-
cifically designed for medical applications. The sensor
module transmitted data wirelessly to the ADRII device
via telemetry using the 433 MHz ISM (Industrial, Scien-
tific, and Medical) band. The ADRII device interfaced
to the PRS study programmer via a USB port providing

the study programmer with real-time access to the sen-
sor signals. The Micro-ADRII and ADR Il devices were
battery-powered and nontherapeutic.

The PRS study programmer consisted of a battery-
powered personal computer and custom telemetry
module. The PRS study programmer software applica-
tion executed adaptive stimulation via the telemetry
module (Fig. 3).

Participants used a study-specific patient program-
mer to adjust stimulation amplitudes during manual ad-
justment protocol tasks. This study patient programmer
was identical to the commercially-available programmer
used with the Restore and Restore Advanced neurostim-

Micro ADRII
device

ADRII device

433MHz . | Telemetry

RF Link /. Nesle
Serial
Telemetry
/ Cable

Neurostimulator

PRS Study
Programmer

Fig. 2. Instrumentation used during the in-clinic phase of the study protocol.
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Fig. 3. The adaptive stimulation algorithms detected when the patient was supine, prone, lying on left side, lying on right side,
upright, and active (mobile) and automatically adjusted the stimulation intensity based on the sensed body position and activity

ulators in all respects except for the firmware which had
been modified to record all programming changes made
by the patient. The commercially-available Model 8340
N'Vision clinician programmer (Medtronic Inc., Minne-
apolis, MN) was used to interrogate and program the
participant’s implantable neurostimulator.

In-Clinic Physical Task Protocol

The patient-preferred amplitudes and associated
therapy impedances were determined for the series of
8 physical tasks described previously. Patients repeated
the physical tasks in the protocol 3 times: once with
manual adjustment using the patient programmer and
once with each of the two adaptive stimulation algo-
rithms under test. The algorithms differed in how the
transition between lying and upright was handled. One
algorithm implemented an adjustable transition zone
with hysteresis between the lying and upright positions,
while the other continuously adjusted stimulation am-
plitude as a function of the recline angle between lying
and upright positions.

Patient satisfaction ratings were collected during
the different position transitions for manual adjust-
ment and for adaptive stimulation. Paresthesia satis-
faction ratings were recorded using a standard 7-point
numeric Likert scale with 1 being very dissatisfied and 7
being very satisfied. Paresthesia intensity was assessed
as being low, just right, and high during each of the
position transitions that occurred during the automatic
adjustment protocol. Paresthesia intensity was not rat-
ed during the manual protocol, as participants could
adjust stimulation to their preferred levels.

Randomization

Each participant completed the 8 physical tasks
repetitively under manual stimulation and under each
of the 2 adaptive stimulation algorithms. The order of
the physical tasks was randomized for each sequence.
During the adaptive stimulation sequence, the algo-
rithm order was also randomized with participants
blinded to the type of adaptive stimulation algorithm
deployed.

www.painphysicianjournal.com
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Statistical Analysis

Based on a study of postural changes in SCS and
sample-size calculations, we determined a sample of 15
to 30 patients would be adequate to meet the feasibili-
ty goals of the study (13). Each patient could have up to
4 active programs in a group for SCS therapy. Each ac-
tive program had its own stimulation voltage. Voltage
is reported as a percentage of the voltage in the stand-
ing position. Impedance is also reported as percent-
age of impedance measured in the standing position.
Mean voltage and mean impedance were averaged
over active SCS programs and reported per patient and
position. Overall mean voltage and impedance were
calculated as the average mean voltage and mean im-
pedance across patients and reported per position.

All patients who provided a satisfaction rating for
manual and automatic adjustments or a paresthesia in-
tensity rating for automatic adjustments during posi-
tion changes were included in the analysis. A paired t-
test was used to compare satisfaction ratings of manual
and automatic adjustment from the standing to the
supine position and from the supine to the standing
position. Friedman'’s test was used to compare manual
versus automatic adjustment satisfaction ratings across
all positions. P values < 0.05 were considered statistical-
ly significant. Statistical analyses were performed using
SAS and Minitab software package(s), (SAS Inc., Cary,
NC, Minitab Inc., State College, PA).

REesuLTs

Patients

A total of 20 patients (6 men and 14 women) from
2 centers were enrolled in the study between August
2008 and January 2009. The mean age of enrolled
participants was 54.4 years (range 43-66 years). The
average duration of SCS therapy was 5.9 years (range
0.3-18.4 years). The primary pain etiology was failed
back surgery syndrome (n=18). The mean ODI was 52.3
(range 36-66). Characteristics of the study population
were similar to those reported in other studies of spi-
nal cord stimulation (6,16). Of the 20 enrolled patients,
one was discontinued from the study prior to the 3-day
monitoring period due to eligibility criteria not be-
ing met. Of the 19 participants completing the 3-day
at-home monitor, one failed the minimum stimulation
adjustment criteria and 1 withdrew consent. Seventeen
patients were invited to participate in the in-clinic test-
ing; one participant withdrew due to an adverse event
unrelated to the study and one participant failed to

complete the in-clinic testing due to scheduling con-
flicts and a failure of the participant to bring their pa-
tient programmer to the clinic. Thus, 15 participants
provided complete data for the comparisons between
manual and automatic adjustments.

Manual Versus Automatic Adjustment

Among the 15 participants who provided com-
plete data for the comparisons between manual and
automatic adjustments, patients preferred automatic
over manual adjustment. Two adaptive stimulation al-
gorithms were tested, and both were preferred over
manual adjustment, as shown by overall satisfaction
rating scores. We report the results for the algorithm
that was selected for further evaluation in an implant-
able neurostimulation system. The overall mean sat-
isfaction rating scores were 5.04 (SD 1.91) for manual
and 6.16 (SD 1.03) for automatic adjustment across all
positions (Fig. 4). The difference in satisfaction rating
between manual and automatic adjustment across all
positions was statistically significant ( P<0.001, Fried-
man's test).

Standing to Supine and Supine to Standing
Transitions

Maintaining optimal paresthesia coverage during
the transitions from the standing to supine and supine
to standing positions has posed particular challenges for
patients. Thus, these transitions were studied in great-
est detail in this study. The satisfaction ratings for these
2 position transitions showed that participants (n=15)
experienced statistically significant improvements with
the automatic adjustment algorithm when compared
to manual adjustments (Fig. 5). The mean satisfaction
rating after the standing to supine transition was 4.14
(SD 2.11) for manual adjustment and 6.0 (SD 1.07) for
automatic adjustment. The mean improvement in the
satisfaction score for automatic adjustment over manu-
al adjustment was 1.86 (SD 1.86) (p=0.01, paired t-test).
For the supine to standing transition, the mean satisfac-
tion rating was 5.07 (SD 1.98) for manual adjustment
and 6.47 (SD 0.64) for automatic adjustment for a mean
improvement of 1.40 (SD 2.13) (P = 0.023, paired t-test).

Paresthesia Intensity for Automatic
Adjustment

Patients rated the paresthesia intensity of the au-
tomatic adjustment algorithm “just right” for 74.1%,
too low for 12.8%, and too high for 13.1% of the physi-
cal tasks completed.
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Fig. 4. Overall mean (+1 SD) satisfaction ratings for manual versus automatic adjustment across all positions is shown. The
difference in satisfaction rating between manual and automatic adjustment across all positions was statistically significant (P
< 0.001, Friedman’s test). Satisfaction ratings are shown on the 7-point Likert rating with 0 being very dissatisfied and 7 being
very satisfied.
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Fig. 5. The mean (+1 SD) satisfaction rating of manual versus automatic adjustment during the standing to supine and supine
to standing transitions is shown. Satisfaction ratings are shown on the 7-point Likert rating with 0 being very dissatisfied and

7 being very satisfied. The mean improvement in the satisfaction rating for automatic adjustment over manual adjustment for
the standing to supine transition was 1.86 (SD 1.86) (P = 0.01, paired t-test). For the supine to standing transition, the mean
improvement in the satisfaction rating was 1.40 (SD 2.13) (P = 0.023), paired t-test
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Stimulation Amplitudes by Position
Participants were asked about their preferred stim-
ulation amplitudes in 7 positions (stand, sit, supine, on
right side, on left side, prone, and recline at 45 degrees)
and during a treadmill walk. Patient-preferred stimu-
lation amplitudes represented as a percentage of the
standing position amplitude are shown in Fig. 6A. On
average, the supine position had the lowest amplitude
relative to standing of 79.1%. It should be noted that
there was considerable inter-patient variability in the
preferred mean stimulation amplitude by position. The
relative percentages of preferred amplitudes for differ-
ent positions compared to the standing position were
statistically significant (Friedman'’s test, P<0.001).
Individual variation in preferred amplitudes rela-
tive to standing by position for two participants labeled
101 and 213 is shown in Fig. 7A. The results indicated
that these participants had definite preferential am-
plitudes in different positions. The lowest patient-pre-
ferred amplitude occurred in the supine position.

Stimulation Impedance

Stimulation impedances measured at patient-pre-
ferred amplitudes are presented as a percentage of the
standing position impedance (Fig. 6B). The differences
in impedance relative percentages were minor (Fried-
man’s test, P = 0.373), indicating that therapy (group)
impedance is not statistically significant from position

to position. The mean impedance variation (inter-quar-
tile range = 4.5%) across positions was small relative
to the mean amplitude variation (inter-quartile range
=22.1%).

The individual impedance profiles by position for
patients 101 and 213 are shown in Fig. 7B. Participant
101 had minor variations in impedance by position, typ-
ical of participants in this study, while participant 213
had the greatest variation in impedance by position ob-
served in the study.

Adverse Events

A total of 6 adverse events were reported during
the study. There were no deaths or unanticipated ad-
verse device effects, and none of these adverse events
were considered to be related to study procedures or
research devices used in the study. Three of the events
were consequent to the implanted SCS lead impedance
being out of range: one case was resolved with sequela;
one without sequela; and one was not resolved. One of
the additional 3 events was due to a depleted neuro-
stimulator battery which was recharged, thereby re-
solving the event without sequela. The remaining two
events involved worsening or exacerbation of a pre-
existing condition. One patient had congestive heart
failure and was hospitalized. The situation was resolved
without sequela. One patient had a pre-existing muscu-
loskeletal and connective tissue disorder and developed
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Fig. 6. A. 95% confidence intervals for the mean patient-preferred stimulation amplitude measured in 7 positions and during a
treadmill walk as a percentage of the of the standing position measurement are shown. B. 95% confidence intervals for the mean
impedance measured at patient-preferred amplitudes are presented as a percentage of the standing position impedance.
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Fig. 7. Individual variation in the patient preferred amplitude (A) and associated impedance (B) for each position relative to the
standing position is shown for participants labeled 101, and 213. Each participant had 2 active SCS programs.

back spasms during the in-clinic phase of the study. The
situation was resolved without sequela, and the patient
was discontinued from the study.

Discussion

This prospective, multicenter study confirms the
findings of previous studies that the stimulation re-
quired to achieve optimal paresthesia coverage and
intensity varies according to the patient’s position
and that the supine position requires significantly less
stimulation intensity when compared to the sitting or
standing positions (13,15). It also confirms the initial
findings of Abejon and Feler that statistically significant
differences have not been found in impedance with re-
spect to position (11).

That postural changes impact the perception of
paresthesia and play a role in the overall success of
SCS in delivering optimal therapy has been observed
in the clinical setting for many years. When patients
change positions, they might receive stimulation lev-
els perceived as shocking or jolting or alternatively as
insufficient to cover their pain. As patient program-
mers with advanced capabilities have become more
widely available, patients have had the option to
manually adjust stimulation amplitude to a level that
better suits the particular activity desired. However,
despite efforts to develop user-friendly, menu-driven
programmers, a certain percentage of patients do not

have the facility or interest to use a patient program-
mer. Others, while initially using a programmer, use
it less over time. The results of this study, as well as
clinical experience, underscore the continuing unmet
need for a more convenient and universally applicable
method of adjusting stimulation to compensate for
the many postural variations and transitions involved
in activities of daily living.

This need has been studied theoretically and in
humans (9). Anatomical studies using various imag-
ing methods, including CT and MRI, have also been
conducted to improve understanding of mechanisms
(8,15,17). This study represents a continuation of the
work initiated by Cameron et al (12) and Olin et al (13)
in characterizing the effects of postural changes on
stimulation parameters.

Using MRI assessment, Holsheimer (15) found that
the distance between stimulating electrodes and spinal
cord dorsal columns, varied according to the spinal level
and position of the patient. In the supine position, the
dorsomedial CSF layer was thinnest at the midcervical
level and thickest at the midthoracic level. At vertebral
levels T-11 and T-12, the thickness increased when the
patient turned from the supine to the prone position.
At T-12, for example, the thickness increase associated
with positional change was approximately 3.4 mm (15).
Individual anatomic variations occurred in the CSF layer
up to a factor of 2.
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Accordingly, paresthesia perception will similarly
vary depending on the vertebral level and patient po-
sition with increased dorsal CSF thickness raising the
paresthesia threshold and a thinner layer lowering the
threshold (18). These observations help explain why
patients report uncomfortable stimulation levels when
moving from the standing or sitting positions to lying
positions. Furthermore, the CSF is a highly conductive
medium and does not contribute significantly to the im-
pedance from the stimulating electrode to spinal cord
dorsal columns. This study confirms these clinical obser-
vations as demonstrated by patient-reported and mea-
sured preferred amplitudes and measured impedances.

A number of methods have been proposed previ-
ously to compensate for the postural effects in neuro-
stimulation therapy including the application of con-
stant current neurostimulation. The thinking has been
that, in concordance with Ohm's Law, current delivered
with a constant current neurostimulator automatically
varies to compensate for changes in impedance result-
ing from postural changes. However, as Abejon and
Feler (11) first demonstrated and our study confirms,
impedance and position changes are not correlated.
Therefore, an alternate technology is required to ad-
just neurostimulation automatically based on position-
al movement.

In this study a triaxial accelerometer was used
to detect position changes and activity. The resulting
data was used to automatically adjust neurostimula-
tion amplitude to accommodate position changes and
activity. The study demonstrated that patients have a
statistically significant preference for automatic ad-
justment over manual adjustment. It also demonstrates
the feasibility of using an implantable neurostimula-
tion device that incorporates an accelerometer-based
method of automatically adjusting stimulation based
on position changes and activity. Such a medical device
must be able to accommodate the large variation in
preferred stimulation amplitude for a particular po-
sition observed in the study. A neurostimulator with
capabilities to automatically adjust stimulation ampli-
tude in response to changes in position and movement
presents the possibility of improving neurostimulation
therapy and patient quality of life and would be part
of a general trend of increased automaticity in im-
plantable medical devices. Furthermore, automated
adjustment, position change, and activity data capture
may change the nature of follow-up in SCS patients.
Provision of usage data can be used in patient educa-
tion as well as to track therapeutic progress and func-
tional improvement.

LIMITATIONS

Testing was conducted in-clinic rather than in a
free-living environment. In this open-label study, pa-
tients were aware they were receiving automatic ad-
justment of stimulation therapy, which created the
possibility of unintentional bias. Although the patient
sample was reflective of the population of patients re-
ceiving SCS therapy for chronic low back and leg pain
and was satisfactory for feasibility purposes, its small
size limits generalization to the overall population of
chronic pain patients receiving SCS therapy.

ConcLusIoN

This study demonstrated that patients using an im-
plantable neurostimulation system were more satisfied
with automatic versus manual adjustment of stimula-
tion amplitude in response to positional changes and
activity in an in-clinic setting. The preference for auto-
matic adjustment included the standing to supine and
supine to standing transitions. Additionally, the study
demonstrated that patients have distinct position-de-
pendent preferred stimulation amplitudes, whereas
therapy impedance did not vary significantly relative to
position. The study demonstrated both the value and
the feasibility of implementing an accelerometer-based
algorithm to automatically adjust neurostimulation pa-
rameters based on position and activity changes in an
implantable neurostimulator.
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