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Perception threshold and electrode position for spinal cord stimulation
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Summary The perception threshold for epidural spinal cord stimulation in chronic pain management was
analyzed on 3923 testing data obtained from 136 implanted patients. The initial areas of paresthesiae due to
stimulation were recorded and reported as the stimulation map according to the location of electrodes. Measure-
ment of dorsal thickness of the cerebrospinal fluid (CSF) layer was obtained from 26 subjects using magnetic
resonance imaging (MRI). The results indicate that the perception threshold is a function of the spinal level of the
implanted electrodes, of the mediolateral position in the spinal canal and the contact separation of electrode.
Differences in perception threshold at various vertebral levels are mainly due to varying depths of the dorsal CSF
layer. The medially placed electrodes caudal to the mid-cervical levels have a higher perception threshold than more
laterally placed ones. The electrodes at high and mid-cervical levels, however, have a smaller perception threshold if
placed medially. The information obtained from this investigation has important implications for the design of a
new-generation stimulation system and clinical application to maximize the longevity of the power source.
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Introduction

Application of electrical stimulation to the spinal
cord (SCS) for alleviating intractable, chronic pain has
received wide acceptance (Long and Erickson 1975;
Demirel et al. 1984; Broseta et al. 1986; Meglio et al.
1989; Devulder et al. 1991; Spiegelman and Friedman
1991). The procedure entails implantation of an array
of electrodes either surgically or percutaneously into
the dorsal epidural space (Racz et al. 1989; Barolat et
al. 1991). The electrodes are connected either directly
to an implantable stimulation signal generator or ra-
dio-frequency coupled to an externally placed stimula-
tion signal generator. The exact neural structures being
stimulated, directly and trans-synaptically, are uncer-
tain but include many pathways in both the dorsal and
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ventral quadrants of the spinal cord (Bantli et al. 1975;
Ranck 1975).

Stimulation can reduce the perception of pain by
generating paresthesia over the pain area, since the
electrical signal will activate large myelinated sensory
fibers (Melzack and Wall 1965; Wall and Melzack
1989). Because the activated fibers will be close to the
cathodal contact it is important to determine at which
spinal level to implant the electrodes, in order to
generate the best overlap of paresthesia and pain ar-
eas. Reports on the mapping of spinal levels for SCS
implant and the paresthesia areas induced by stimula-
tion have been published (North et al. 1991; Barolat et
al. 1991, 1993). The corresponding perception thresh-
old and initial distribution of paresthesiae to electrical
stimulation at different vertebral levels, however, have
not been studied in depth. The perception threshold is
the minimum intensity of electrical stimulation at a
given vertebral level to induce paresthesiae. A low
perception threshold often implies a low requirement
for stimulation power, thereby prolonging the battery
life. This is especially important for totally implantable
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stimulation systems to reduce the number of surgical
procedures for battery replacement. Therefore investi-
gation into which parameters most affect the percep-
tion threshold has significant implication for both clini-
cal application and design of new-generation SCS de-
vices.

An important criterion to determine whether an
electrode placement is successful is to detect whether
the paresthesiae induced by stimulation overlap with
the pain area. Even though such overlap does not
always relieve pain for patients, little or no overlap
means complete failure of the implant. It is a common
observation that a laterally placed electrode will gener-
ate a unilateral sensation in a radiating band pattern
because of the stimulation of the nearest dorsal roots,
while a more medially placed electrode will generate
paresthesiae bilaterally and in a wider area caudal to
the electrode level (Barolat et al. 1993). A thorough
investigation of how the mediolateral position and the
spinal level of an electrode influence the perception
threshold and initial paresthesia will help to determine
the success of electrode placement in the initial testing
stage.

In this paper we will report our findings from the
analysis of 3923 clinical data obtained from testing 136
implanted patients. The results indicate that the per-
ception threshold is a function of the spinal level of
electrode placement. The medially placed electrode
has a higher perception threshold than does the later-
ally placed one. The data from MRI of 26 subjects
indicate that the perception threshold is largely deter-
mined by the dorsal thickness of the CSF layer.

The detailed analysis as discussed in this paper is a
step in our effort to establish a knowledge-based ex-
pert system. Such a system should contain information
to provide a consultation service as advice and guid-
ance to clinicians performing SCS for chronic pain
management. Information under consideration in-
cludes indications for SCS, pain areas, a possible
paresthesiae map, where to place the electrode, what
stimulation parameters (amplitude, pulse width and
rate) to use, and correlation among the paresthesiae of
different body areas, in addition to the parameters
discussed in this report. We believe that such an expert
system will improve the efficacy of SCS for chronic
pain by changing currently a trial-and-error procedure
into an experience-guided procedure.

Methods

Patients

Patients with chronic pain were implanted with Resume elec-
trodes that contain 4 contacts with a center separation of 10 mm
(Medtronic, Minneapolis, MN). Details of the surgical procedure
have been previously reported (Barolat et al. 1991, 1993). Patients’

age ranges from 19 to 73 years. There were 66 male and 70 female
subjects. All the patients were able to perceive tingling paresthesiae
and none suffered from major sensory deficit. None of the patients
were found to have any abnormality in the epidural space at the level
of the implanted electrodes. The patients were affected from chronic
pain due to either ‘failed back’ syndrome or neuropathic pain (reflex
sympathetic dystrophy, peripheral nerve injury, etc.) None of the
patients included in this study had spinal cord or head injury, plexus
avulsion, DREZ, etc., that could affect their paresthesiae response.

Measurement of perception threshold

To maintain consistency for this study, a standard procedure was
followed in all testing and data collection. All data were collected
within 10 days from implant. For each patient, all bipolar and
unipolar combinations in the implanted electrode were tested. A
unipolar combination is a configuration where only a cathode is
selected among the 4 contacts while the metal case of the implanted
stimulation signal generator is used as the anode. A bipolar combina-
tion is that where one contact is selected as the cathode and another
as anode. There are 4 unipolar combinations and 12 bipolar combi-
nations for a 4 contacts electrode. A total of 3923 bipolar and
unipolar combinations were tested and tabulated for this analysis.

Whereas the amplitude was varied, the other stimulation parame-
ters (rate, pulse width) were maintained constant for standard testing
to reduce the number of variables. The stimulation signal was
composed of rectangular monophasic pulses at a rate of 50 Hz and a
pulse width of 210 msec. The voltage (stimulation amplitude) was
gradually increased starting from 0 V in 0.1-V interval (the minimum
amplitude increment for the Medtronic Itrel II pulse generator) or
0.25-V interval (the minimum amplitude increment for the earlier
model, the Medtronic Itrel 1 pulse generator) to detect the percep-
tion threshold and maximum stimulation threshold for each combi-
nation. The latter is either the maximum voltage the stimulator can
generate or the threshold voltage perceived as uncomfortable by the
patient, due to excessive sensory stimulation or often caused by
involuntary muscle activity. The useful range of stimulation is deter-
mined by the difference between these two threshold voltages.

Initial paresthesiae at perception threshold

The distribution of paresthesiae at the perception threshold
stimulation for each electrode combination was recorded on a body
map. Twenty-one body areas were used for this analysis (see Fig. 2
for the listing of body areas). For each area ‘1’ was entered if the
patient reported sensation due to stimulation at the perception
threshold. Similarly the maximum paresthesiae areas under the maxi-
mum stimulation level were also recorded and were reported previ-
ously (Barolat et al. 1993).

Following this initial testing phase, the electrical stimulation
parameters were adjusted according to the individual requirements
in order to obtain the best therapeutic result, which is determined by
the best overlap between the paresthesiae and pain areas, a fre-
quency and pulse setting the patient feels most comfortable, and a
low voltage to preserve battery life.

Measurement of electrode position

The vertebral level and mediolateral position of the electrodes in
the spinal canal were measured from postoperative X-rays and CT
scans. In the mediolateral direction, a contact was defined as located
in the midline of the spinal canal if its center was within 2 mm either
side from the midline. If the center was more than 2 mm from the
midline, the contact was considered as laterally placed.

Measurement of the dorsal thickness of CSF layer
The distance between the spinal cord and dura mater at the
dorsal side of the dural sac was measured from transverse MRI of



healthy volunteers. Twenty-six normal subjects, 19-38 years of age,
participated in the study. Series of 6 slices were made from each
subject in supine position at 3 vertebral levels: C4-C6, T5-T6 and
T11-T12. Each series had the same orientation, perpendicular to the
posterior border of the corresponding vertebral bodies. In order to
obtain high contrast between spinal tissue, CSF and dura mater, in
combination with a high signal-to-noise ratio and short scan time (4.5
min), strongly T2-weighted Turbo Spin Echo scans were made. The
resolution was 0.6 mm. At each vertebral level the thickness of the
dorsal CSF-layer was the average from 2 or 3 slices of a subject and
was rounded off at 0.5 mm.

The accuracy of the system was tested by measuring the size of a
cylindrical vessel placed inside a standard test phantom. The ob-
served error varied between 0 and 2% in anterior-posterior and
transverse directions. A correction for this error has not been made.
The stability of the system adjustment was tested once a week, using
the manufacturer’s test protocol. The variation of the adjustment
had a standard deviation of 0.3%. From a few subjects several scans
were made in the same or in a different session. No differences
between these images could be observed which means that differ-
ences were less than 3% (Holsheimer et al. 1994),

Statistical analysis of data

In addition to the descriptive statistics that generates mean,
median, standard deviation, etc., analysis of variation (ANOVA) was
performed to test the statistical significance of any difference be-
tween groups. A P value smaller than (.05 from ANOVA indicates
the difference to be statistically significant. The ANOVA was per-
formed on perception thresholds when a difference was observed if
data were grouped according to certain parameters, such as medio-
lateral position of electrodes and contact separation.

The coefficient of correlation was also calculated in this paper to
establish relations between 2 different variables, such as the percep-
tion threshold and the dorsal thickness of the CSF layer. The larger
the coefficient (between 0 and 1), the stronger the relation will be.

Results

Perception threshold

The low thoracic spinal levels T9-T11 displayed the
largest number of tested combinations, more than 300
at each of those levels. The low cervical to mid-thoracic
spinal levels had the least number of tested combina-
tions. The numbers for all spinal levels, including both
medially and laterally placed electrodes, are given in
column 7 of Table 1.

The mean, median and standard deviation of per-
ception threshold at each spinal level is given in
columns 2, 3 and 4 respectively. The minimum percep-
tion threshold reported by patients at all vertebral
levels is between 0.1 to 0.25 V due to the difference in
types of pulse generator used. The actual perception
threshold could be smaller. Both the low and high ends
of the perception threshold distributions found for
each spinal level are given in columns 5 and 6 of Table
I, respectively.

The mean and median values are presented in Fig.
1. If the data are smoothed, the average perception
threshold has a tilted ‘S’ shape with the minimum at
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TABLE I
PERCEPTION THRESHOLD AT EACH VERTEBRAL LEVEL

For each spinal level where electrodes was implanted the statistical
analysis of all perception thresholds was performed. The high tho-
racic levels (T1-T4) have the smallest number of data collected. The
median perception thresholds at all spinal levels are smaller than the
mean values. They follow the same trend of changes as the mean
values do, however. The lowest value is at low cervical to high
thoracic spinal levels, the highest value is at middle thoracic spinal
levels.

Vertebral Mean Median SD Minimum Maximum Data

levels V) \%) \% 8% )
C1-C2 1.13 0.75 1.01 0.25 5.00 211
C3 0.90 0.60 0.78 0.10 3.60 117
C4 0.92 0.70 0.84 0.10 4.90 161
Cs 0.67 0.50 0.44 0.20 3.00 131
Cé6 0.61 0.50 042 020 2.60 85
Cc7 0.57 0.50 0.30 0.20 1.80 74
T1 0.59 0.50 0.23 0.10 1.30 66
T2 0.78 0.75 0.35 0.25 1.75 68
T3-T4 1.60 1.40 1.17 0.25 4.75 59
TS5 1.61 1.00 1.33 0.30 5.00 89
T6 1.79 1.50 1.09 0.50 5.00 184
T7 1.82 1.70 0.95 0.30 5.80 230
T8 1.61 1.50 0.90 0.20 5.00 321
T9 1.69 1.30 1.07 0.25 5.90 451
T10 1.64 1.25 1.24 0.20 7.00 647
Ti1 1.29 1.00 0.85 0.20 6.20 492
Ti12 1.10 1.00 0.78 0.10 5.00 397
L1 1.02 0.75 0.81 0.20 5.60 140

the low cervical to high thoracic levels (C6-T1) and the
maximum at the mid-thoracic levels (T6-T7).
The perception thresholds for medially or laterally
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Fig. 1. The average perception thresholds at each vertebral level for

epidural dorsal column stimulation. The perception thresholds from

all patients are grouped according to the location on vertebral level

of electrode contact used as cathode. The perception threshold

changes continuously as the vertebral level of the implanted elec-

trode changes from C1 to L1. The minimum is at C6-T1, the
maximum is at levels of T7-T10.
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placed electrodes of all spinal levels were analyzed to
examine the effect of the mediolateral position in the
spinal canal. The mean value is 1.71 V for the medially
placed electrodes (median: 1.3 V) and 135 V for
laterally placed ones (median: 1.1 V). The P value
(from single-factor ANOVA analysis) for our analysis
is 0.00035. The result is given in the column 2 of Table
II. The data for this analysis are from more recently
implanted patients (after year 1989) to assure a more
accurate and consistent measurement of mediolateral
positions of electrodes. The total number of combina-
tions included in the analysis is 1279.

Since the uneven distribution of electrodes and the
large variation of the perception threshold at different
spinal levels, as shown by data in Fig. 1, could distort
the analysis result, we analyzed the effect of the medio-
lateral position on perception threshold for electrodes
at different groups of spinal levels separately. The
analysis was performed for electrodes at high to mid-
cervical levels, low cervical to high thoracic levels,
mid-thoracic levels and low thoracic levels. The elec-
trodes at T2-T7 were not analyzed because too few
laterally placed electrodes were available from our
database. The results are given in columns 3-6 of
Table II.

When electrodes are implanted caudal to the mid-
cervical levels (C5), the medially placed electrodes
have a higher perception threshold than do the more
laterally placed ones, a conclusion similar for the gen-
eral analysis when electrodes at all spinal levels were
considered together (Table I1). Electrodes at the top of
the spinal cord, high to mid-cervical levels (C1-CS5),
however, have a smaller perception threshold if placed
more medially. There were only 7% of electrodes at
C1-C2 that were laterally placed. The perception
threshold was smaller for medially placed electrodes at
C1-C2 which is consistent with the conclusion for C3-
C5, but P=0.4>0.05, therefore we did not include
the results in Table II. The P values for all other
spinal levels are smaller than 0.05 as shown in the
bottom row of Table II.

The paresthesiae map at the perception threshold
During testing, the stimulation intensity was gradu-
ally increased until the patient started to feel paresthe-
siae. The areas of initial sensation were recorded for
each electrode combination. This generated a map
linking the location of the electrodes to the paresthesia
areas. The maps for medially and laterally placed elec-
trodes were analyzed to investigate possible differences
in stimulation patterns. The two maps are given in Fig.
2. For clarity and simplicity of presentation we elimi-
nated some areas and grouped the others to reduce the
number of body areas in the figure. The number of
electrode combinations available for this analysis was

TABLE 11

AVERAGE PERCEPTION THRESHOLDS AT MEDIALLY OR
LATERALLY PLACED ELECTRODES

The mediolateral position of electrode in the spinal canal affects the
perception threshold. The midline placed electrodes have a higher
perception threshold value than do the laterally placed electrodes.
High to mid-cervical levels (C1-C5) are an exception. The numbers
of data for this analysis are 1279 (74%% medial) at all spinal levels,
158 (55% medial) at C3-C3, 60 (63% medial) at C6-T1, 399 (79%
medial) at T8-T10 and 274 (729 medial) at T11-T12.

Electrode Average perception thresholds
placement at various spinal levels
All spinal  C3-C5 C6-T1  T8-Ti0 TII-TI2
levels
Midline (V)  1.71 1.03 0.62 2.34 1.69
Lateral (V) 135 1.36 0.37 1.76 1.17
P 0.0004 0.0339  0.0005  0.0050 0.0012

1279 because we did not collect the initial paresthesiae
for the first 2644 records.

Dorsal thickness of the CSF layer

The average values and standard deviations for the
depth of the dorsal CSF layer were obtained by analyz-
ing MR images at 3 vertebral levels: C4-C6, T5-T6 and
T11-T12. The result is presented in Table HI.

The curve of the perception thresholds in Fig. 1
suggests that there is a relationship between the
thresholds and spinal levels of implanted electrodes.
This relationship could be determined by the distance
between the nerve fibers in the spinal cord and the
electrode contacts. A most significant factor determin-
ing this distance could be the thickness of the CSF
layer dorsal to the cord.

To test this hypothesis we extracted from Table 1
the average perception thresholds at the spinal levels
for which measurements of dorsal depth of CSF layer
were available (see Table I1I). The perception thresh-
olds and the depths of the dorsal CSF layer were
plotted together as shown in Fig. 3. The left vertical
axis is for the dorsomedial thickness of the CSF layer
in millimeters. The right vertical axis is for the average
perception thresholds in volts. The 2 variables have a
correlation coefficient of 0.99, which is significant.

Perception threshold and distance between electrode con-
tacts

One parameter that influences the perception
threshold consistently in clinical testing is the distance
between the 2 electrical poles of a bipolar combination.
To obtain uniform data on the relation between per-
ception threshold and distance between contacts we
analyzed data at spinal level T10 where for each dis-
tance category there were at least 100 data points
(combinations tested).
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Fig. 2. The stimulation map at the perception threshold level. The percentage of electrodes at each spinal level is given for generating the initial

paresthesia at body areas. The dark gray filled bars are for laterally placed electrodes at the given spinal level, the light gray ones are for medially

placed electrodes. The vertical axis is the. percentage of electrodes eliciting paresthesia in a given body area at the perception threshold. The
horizontal axis is the body areas where patients felt paresthesiae at the perception threshold stimulation level.

To further reduce variation, the analysis was per-
formed in 2 steps: intra-subject and then inter-subject.
For each patient, the average perception thresholds for
different distances between electrical poles (unipolar is
considered with an infinite separation) were scaled by
the average perception threshold at bipolar separation
of 10 mm (2 adjacent contacts). Then the total scaled
average across all patients was calculated. The number
of patients tested for this analysis was 38.

The result is given in Fig. 4A. The average percep-

TABLE III
THICKNESS OF DORSAL CSF-LAYER FROM MRI

The measurement of the thickness of dorsal CSF-layer from MRI is
given in this table. For detail of how the values were obtained please
see text and (Helsheimer et al., 1993).

Statistics C4 (6] C6 TS Té Ti1  Ti2

Mean (mm) 260 257 225 583 581 366 3.00
SD 088 08 066 181 1.8 164 106
Number 24 23 24 26 26 25 26

tion threshold at each distance between electrode con-
tacts (unipolar, 10 mm, 20 mm, 30 mm and beyond)
from all tested data is given in Fig. 4B. The average

Thickness of CSF Layers and Perception Thresholds

8 3
=== CSF Layer (d-m)
=== Threshold

CSF Layer (mm)

(dorso-medial)
by

Threshold (v)

0+ T . ; . —
C4 C5 C6 TS T6é T11 T12

Spine Level

Fig. 3. The correlation of the dorsal thickness of CSF-layers and

perception thresholds has a coefficient of 0.99. The averages and the

standard deviations of dorsal depth of CSF-layer and the perception
threshold at various vertebral levels were given in the figure.
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Perception Thresholds Vs, Distances of Contact Separation
at Vertebral Level T10
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Fig. 4. Statistical relation between contact separation and the perception thresholds is given for both electrodes at T10 (A) and all spinal levels

(B). For each patients with T10 stimulation, the perception thresholds were scaled by the value at contact separation of 10 mm to calculate the

relative stimulation intensity. Then all patients’ data were averaged to present in (A). The data presented in (B) were not scaled as in (A). They

are the average perception thresholds at each contact separation for electrodes implanted at all spine levels from C! to L1. The standard
deviations are shown by the thin vertical lines.

and standard deviation are given in the figure. Al-
though the differences at various contact separations
might not be considered clinically significant, they are
statistically significant with P =0.000136 (ANOVA)
and a confidence level at 90%.

Discussion

Perception threshold and dorsal thickness of the CSF
layer

Data in Fig. 3 clearly indicate that the thickness of
the CSF layer at the dorsal side varies along the spinal
cord and is an important factor in determining the
perception threshold to epidural SCS. It is well known
that threshold voltage for the excitation of nerve fibers

TABLE IV

CONDUCTIVITY OF THE VOLUME CONDUCTOR COM-
PARTMENTS (S/m?)

The CSF has the highest conductivity for SCS. The next is the white
matter along its longitudinal direction. The epidural space is mainly
the epidural fat. The surrounding layer is everything outside of the
vertebral bone.

Medium Conductivity
Gray matter 0.230
White matter

Longitudinal 0.600

Transverse 0.083
Cerebrospinal fluid 1.700
Epidural space (fat) 0.040
Dura mater 0.030
Vertebral bone 0.040
Surrounding layer 0.004
Electrode insulation 0.001

increases as distance between the electrodes and nerve
fiber is increased (Wall and Melzack 1989). The MRI
studies show that the thickness of the dorsal CSF layer
varies among subjects by more than a factor of 2 at
cach vertebral level investigated (Holsheimer et al.
1993). Therefore, perception thresholds measured at
any level will also vary substantially, as shown in Table
L.

In a theoretical study, using a computer model of
epidural SCS, we have shown that the vanation of
perception thresholds among vertebral levels can be
explained by the corresponding variation in thickness
of the dorsal CSF layer (Struijk et al. 1993a,b). The
model comprises the spinal cord (white and gray mat-
ter), CSF, epidural space, vertebral bone, electrode
insulation, dura mater and a layer representing the
surrounding tissues. The conductivity of the compart-
ments is given in Table IV (Struijk et al. 1993a).
Volume conductor models representing different levels
of spinal cord have different transverse geometry. A
transverse section of the model of mid-cervical spinal
cord is shown in Fig. 5. The volume conductor was
discretized with a rectangular grid with variable grid
spacing. The number of grid points was 57 X 57 X 57 =
185193. The model dimensions were 22.4 X 24.0 X 60.0
mm (lateral X dorso-ventral X rostro-caudal) (Struijk et
al. 1993b).

As shown in Table 1V the CSF has by far the
highest conductivity. Calculations on the volume con-
ductor model of the spinal cord have shown that 80-
90% of the current between electrode contacts flows
through the CSF (when ce¢lectrode contacts in the
epidural space are bordering the dura mater). It is also
shown that load resistance increases only slightly with
distance between two contacts (5% /cm).
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Fig. 5. A transverse section of the volume conductor model at
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spinal cord is mainly determined by the dorsal thickness of CSF-layer.

epidural space

Perception threshold and contact separation

The distance between electrode contacts for a bipo-
lar combination influences the threshold as shown by
Fig. 4. For all bipolar combinations, the average per-
ception threshold increased with the contact distance.

Although unipolar is the extreme case of bipolar
stimulation with the pulse generator as the anode
(separation of infinity), the average perception thresh-
old for unipolar is the smallest. This is because the
total impedance is much smaller at unipolar stimula-
tion. Two factors contributed to the low impedance in
unipolar compared to bipolar stimulation. First, in
unipolar stimulation only one lead connection is used
instead of two, reducing the impedance by approxi-
mately 115 £2. Secondly, the surface area of the anode
(metal case of the pulse generator) is much larger than
a lead contact. This results in a smaller current density,
therefore, less voltage drop near the pulse generator
compared to the anode in a bipolar combination. A
larger portion of the total stimulation voltage is there-
fore available under the cathode in unipolar stimula-
tion to stimulate the same nerve fibers.

The modeling study (Struijk et al. 1993a) predicts
that perception threshold will increase by approxi-
mately 11% when the contact center separation is
increased by 20 mm from 30 to 50 mm in computer
simulation, which is in accordance with average in-
crease shown in Fig. 4 when the separation is similarly
increased from 10 to 30 mm.

In his 1983 report, however, Law found that the
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perception threshold had a negative correlation with
contact separation if cathodes were caudal to anodes
while a positive correlation could be found if cathodes
were rostral. The difference in conclusion could be
explained by differences in approaches for the two
studies. Firstly, we did not make a distinction between
relative positions of cathodes and anodes as did Law in
his study. Secondly, we used the Medtronic Resume
electrode while Law implanted 3 percutaneous elec-
trodes in parallel. Therefore our data mostly contained
a longitudinal arrangement for the bipolar combina-
tions while Law’s data included a large percentage of
mediolateral arrangements with a very small longitudi-
nal separation between a cathode and anode pair.
Finally, the contact separation in a Resume electrode
is typically in 10-mm increments whereas the increment
between contacts in 3 parallelly arranged electrodes
can be as small as 3-5 mm (Law 1983).

Initial paresthesiae and laterality of electrode

Stimulation at the upper (C1-C2) and middle (C3-C4)
cervical levels generates initial sensation mostly in up-
per extremities and neck and shoulder areas (Fig. 2A,
the top and middle graphs). Stimulation at the lower
cervical (C6-C7) and upper thoracic (T1-T4, not shown
due to small number of cases available) levels gener-
ates initial sensations mostly in upper extremities and
chest-abdominal area (Fig. 2A, bottom graph). Stimula-
tion at the middle (T5-T8) and lower (T9-T12) thoracic
levels generates the initial paresthesia mostly in the
lower trunk and lower extremities (Fig. 2B, top and
middle graphs). The bottom graph in Fig. 2B gives the
map of the initial paresthesia when stimulating at
upper lumbar levels (L1).

There were differences between the stimulation
maps by medially (light gray bars in Fig. 2) and laterally
(dark gray bars) placed electrodes. While the laterally
placed electrodes often stimulate areas described as a
radiating band pattern, presumably the stimulation of
dorsal root fibers in the dorsal root entry zone, the
medially placed electrodes stimulate a wider area cau-
dal to the spinal level of the electrodes, even at the
perception threshold. A higher stimulation intensity,
however, is required to elicit the initial paresthesia for
medially placed electrode (Table II).

Another observation is that body areas notoriously
difficult to stimulate are seldom activated at the per-
ception threshold level. This is shown by the low occur-
rence of those areas in the map: posterior shoulder,
low back and perineum, and posterior side of lower
extremities. Unfortunately these are also the pain ar-
eas patients complain most. A larger usage range will
be desirable under this situation because the stimula-
tion intensity can be increased gradually to spread the
paresthesiae to cover pain areas. Furthermore it would
be very helpful to have information available on corre-
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lation of paresthesia at different parts of the body
under a given stimulation, With such information one
should be able to predict whether a stimulation could
reach the desired areas for reducing pain by degree of
correlation of initial paresthesia areas and pain areas.

Perception threshold and laterality of electrode

While the medially placed electrode can stimulate a
larger body area than laterally placed electrode does,
in general, however, it requires a higher stimulation
threshold, as indicated by data in Table II. The differ-
ence between the medially and laterally placed elec-
trodes is both statistically (P < 0.05) and clinically (>
0.1 V) significant (see below for the exception at high
cervical levels). A theoretical study based on a com-
puter model predicts that in both cases dorsal root
fibers have lower threshold stimuli than dorsal column
fibers (Struijk et al. 1993a). When the electrode was in
a medial position the difference between threshold
stimuli of dorsal root fibers and dorsal column fibers
was less than with a lateral electrode position. There-
fore, a larger paresthesia coverage will be possible with
a medial electrode position without causing discomfort,
if taking into account the limited usage range of the
stimulation.

The above discussion will not apply to the electrodes
at high to mid-cervical levels, however. Patients re-
ceived stimulation at high cervical levels showed high
sensitivity for medially placed electrodes. The com-
bined benefit of a lower perception threshold and a
larger paresthesiae area suggests that a medial position
of electrodes at high to mid-cervical levels should be
adopted when possible. The high mobility of spine at
this level has a tendency to produce changing paresthe-
siag when patients move or rotate their heads. This
further suggests the importance of a medial placement
of electrode.

The perception threshold and the initial sensation
areas are valuable information in helping to determine
at the testing stage whether the placement of an elec-
trode is optimal. If the perception threshold is too
high, it suggests that either the connection or electrode
placement is problematic. If the initial sensation area is
a unilateral radiating band pattern, it indicates an
excessively lateral placement of the electrode. It is
often desirable to place the electrode as close to the
midline as possible (Law 1983; Barolat et al. 1993) even
if the topography of pain is initially on one side be-
cause this provides a higher useful range for stimula-
tion (Law 1983). This higher usage range provides extra
flexibility in adjusting stimulation parameters to achieve
better coverage of topography of pain and comfortable
sensation.

In summary, the results from analysis of our data
indicate that perception threshold is a function of the
spinal level and the mediolateral position of the im-

planted electrode, and of the distance between elec-
trode contacts. Variation in the perception threshold
along different levels of spinal cord is mainly influ-
enced by the dorsal depth of CSF layer. A midline
placement of electrodes and a larger separation be-
tween electrode contacts both contributed to a higher
perception threshold, except at high to mid-cervical
levels. The initial paresthesiae at the perception
threshold could reach a wide body area both caudal
and rostral to the spinal level of stimulation if elec-
trodes are placed on the midline of the spinal canal.
The information presented here should help clinicians
to develop a strategy of electrode placement that maxi-
mizes the battery life of a totally implantable stimula-
tion system.
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