




Pittsburgh Sleep Quality Index (PSQI), and Patient Global Impression
of Change (PGIC).

Three Month Follow-Up
Patients used the frequency from their preferred period for three

months after the end of rate randomization. If patients did not have
a preferred period, the frequency that provided the minimum ED-
NRS score was selected. If multiple frequencies provided mean ED-
NRS scores within half a point, the frequency that required the least
charge was selected.

Statistical Analyses

Hypothesis Test for Primary Endpoint
The primary statistical objective for this study was to test the

hypothesis that mean low back pain relief from baseline for low
back pain dominant SCS candidates was not sensitive to stimulation
frequencies between 1 and 10 kHz. LetMLBPbase and MLBPrr be the
mean low back ED-NRS pain score at baseline and at a single rate
randomization period, respectively. The mean e-diary percent pain
relief (ED-PPR) from Baseline to the given Rate Randomization
period was calculated as

ED-PPR5
MLBPbase2 MLBPrr

MLBPbase
3 100%

The primary analysis assessed whether the trend line for mean ED-
PPR across the stimulation frequencies 1, 4, 7, and 10 kHz had a
slope of 0. LetM be the equivalence margin for the slope. Then the
null and alternative hypotheses were

H05 jbj > M
Ha5 jbj � M

where jbj is the absolute value of the slope of the trend line for
mean low back ED-PPR across stimulation frequencies. The equiva-
lence margin M was 1.67% per kHz, based on an allowed 15% differ-
ence in mean low back ED-PPR across the stimulation frequencies
from 1 to 10 kHz. Fifteen percent is well below the minimum clini-
cally important difference estimated to be 33% (26), and is therefore
a more conservative de“nition of equivalence.

A linear mixed model (LMM), a common tool in clinical science
research, was used to assess the null hypothesis (27). Speci“cally,
the model included rate as a “xed effect, subject as a random effect,
and ED-PPR as the outcome variable. If the 95% con“dence interval
for the “xed effect slope fell within (2 M, M), then the null hypothe-
sis was rejected and the mean low back ED-PPR was considered
equivalent across the tested frequencies.

Sample Size Calculation and Power Analysis
A sample size calculation and power analysis were performed

based on the assumptions in Table 2. Under these assumptions,
mean ED-PPR data were generated for 1000 simulated experiments

in which the true slope of mean ED-PPR across frequencies was 0. A
LMM was “tted for each simulated experiment to determine if the
con“dence interval of the slope fell within the equivalence margin.
The Type II error rate (b) was calculated as the percent of simulations
in which the interval extended beyond the margin. This process was
repeated with different sample sizes until the simulated power
(12 b) reached 80%, yielding a “nal sample size of 18 subjects.
Assuming a 10% attrition rate, this was increased to a “nal sample
size of 20 subjects entering rate randomization.

Post-Hoc Analyses
In post-hoc analyses, the sensitivity of leg and overall pain relief

to stimulation rate was assessed using the same method as for low
back pain.

Rate randomization sequence (i.e. the order of rates given to each
patient), randomization period (1…4), and the patient•s sex, age, pain
condition (i.e. diagnosis), and pain duration were explored as possi-
ble covariates that helped to further explain the PPR observed dur-
ing the experiment. These factors were tested for any effect on the
ED-PPR outcome variable by including them one at a time as “xed
effects in the LMM described above (in addition to the “xed effect
of rate).

RESULTS
Pain Relief

The results of the statistical analysis are presented in Figure 3a
which shows mean back pain ED-NRS scores at baseline, 1, 4, 7, and
10 kHz. The mean back pain ED-NRS scores decreased from 6.86 0.3
(baseline, mean6 standard error of the mean [SEM]) to 3.26 0.3
(1 kHz), 3.56 0.3 (4 kHz), 3.26 0.3 (7 kHz), and 3.36 0.4 (10 kHz),
yielding approximately 50% pain relief across frequencies as mea-
sured with ED-NRS. Importantly, all frequencies provided equivalent
back pain relief (p 5 0.00002), demonstrating that stimulation rate
was not a meaningful determinant of back pain relief. Additionally,
mean leg pain ED-NRS scores (Fig. 3b) decreased from 5.56 0.4
(baseline) to 2.66 0.4 (1 kHz), 2.76 0.4 (4 kHz), 2.76 0.4 (7 kHz), and
2.96 0.4 (10 kHz). Mean overall pain ED-NRS scores (Fig. 3c)
decreased from 6.76 0.3 (baseline) to 3.26 0.3 (1 kHz), 3.56 0.3

Table 2. Population Parameters Assumed to Carry Out Sample Size
Calculations and Power Analysis.

Parameter Assumed value

One- or two-sided test 2
Significance level (a) 0.05
Statistical power (1 2 b) 0.8
Mean slope 0
Slope standard deviation 1.1
Within-subject PPR standard deviation 15
Within-subject PPR correlation 0.2
Noninferiority margin (M) 1.67% per kHz
Attrition 10%

It was assumed that the true mean slope of mean PPR across stimula-
tion frequencies between 1 and 10 KHz was 0, but that individual sub-
jects’ slopes varied around the mean according to the slope standard
deviation. Furthermore, the mean PPR values simulated for a specific
subject were drawn from a distribution with a mean defined by the
subject’s trend line slope and a covariance matrix defined by the
within-subject standard deviation and within-subject correlation across
stimulation rates.

Table 1. Patient Demographics.

Number of patients who
completed randomization

20

Sex 9 female, 11 male
Age 32–75 years (range); 53 years (mean)
Pain condition 16 FBSS, 4 chronic radiculopathy
Pain duration 1–27 years (range); 11 years (mean)
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COMMENT
Use of high frequency stimulation is not new but this study demon-

strates that with 1kHz frequency a patient can produce similar analgesia
as 10kHz while using 60…70% less energy. This is a substantial saving of
energy and increases the duration between charges of an IPG.
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