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Abstract—Neuromuscular stimulation via the sacral nerve roots
is proposed for prevention of ischial pressure ulcers following a
spinal cord injury (SCI). Acute effects of sacral functional mag-
netic stimulation (FMS) on seat interface pressure changes were
investigated in five nondisabled volunteers. Similar effects were
demonstrated with functional electrical stimulation in people with
SCI who used a sacral anterior root stimulator implant. The
results indicated that sacral nerve root stimulation, either by FMS
or implanted electrical stimulation, induced gluteus maximus
contraction and mild pelvic tilt sufficient for clinically significant
reductions in ischial pressures during sitting.

Key words: functional electrical stimulation, functional mag-
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INTRODUCTION

Pressure ulcers (PUs) are one of the most serious com-
plications associated with spinal cord injury (SCI). PUs
account for approximately 25 percent of the overall treat-
ment costs for people with SCI, at an estimated annual cost
of $1.2 billion to the U.S. healthcare system [1]. In the
United Kingdom, the total annual cost of PU care has been
reported up to £2.1 billion [2]. Approximately 25 to 85 per-
cent of patients have PUs during their lifetime following
SCI [3–5]. The ischial tuberosity (IT) is one of the most

common sites for PU development in people with SCI who
use wheelchairs [6]. An estimated 36 to 50 percent of PU
incidence results from sitting in a wheelchair [7].

Many intrinsic and extrinsic factors contribute to PU
development. However, the main factor associated with
PUs in people with SCI who use wheelchairs is pro-
longed localized pressure on the atrophied gluteal mus-
cles that leads to local tissue ischemia [8–11]. Lack of
sensation below the level of injury leads to insensitivity
to the ischemia and makes wheelchair users with SCI
particularly at risk for PU development. The excessive
external pressure on the capillaries causes decreased
blood supply and oxygen delivery, which can trigger
hypoxia in local tissues; furthermore, occluded lymphatic
drainage can damage deeper tissues [7].

Abbreviations: ASCII = American Standard Code for Infor-
mation Interchange, FES = functional electrical stimulation,
FMS = functional magnetic stimulation, IT = ischial tuberosity,
PU = pressure ulcer, S = sacral, SARS = sacral anterior root
stimulator, SCI = spinal cord injury, SEM = standard error of
measurement.
*Address all correspondence to Professor Michael Craggs;
Spinal Research Centre, Royal National Orthopaedic Hos-
pital, Stanmore, Middlesex HA7 4LP, United Kingdom;
+44-20-8909-5343; fax: +44-20-8909-5343.
Email: michael.craggs@ucl.ac.uk
DOI: 10.1682/JRRD.2005.04.0078
209

mailto:michael.craggs@ucl.ac.uk


210

JRRD, Volume 43, Number 2, 2006
Once formed, PUs are costly, difficult to fully repair,
and increase the risk of ulcer recurrence, particularly in the
SCI population [12–15]. Thus far, approaches to the pre-
vention of PUs in people with SCI have generally focused
on education and device selection. A combination of spe-
cialized cushions for reducing pressure and pressure-relief
movements, in which the patient performs “push-ups” or
“leans forward,” is considered the best option for PU pre-
vention in people with SCI [16–19]. However, pressure-
relief movements require good upper-limb strength and
continued motivation, which are not always present in peo-
ple with high-level lesions. Although many kinds of wheel-
chair cushions have been evaluated for their effectiveness
in reducing seat interface pressures [18,20–21], these stud-
ies generally concluded that seat cushions alone do not ade-
quately relieve pressure during continuous sitting. The
incidence of PUs remains unacceptably high [13–15,22]. In
view of the limitations of current preventive methods, alter-
native means of PU prevention need to be investigated.

Levine et al. investigated the dynamic changes in
seat interface pressure using surface functional electrical
stimulation (FES) of the gluteus maximus [23–25]. Inter-
estingly, their results indicated that FES can change the
shape of loaded buttocks, which significantly reduces
pressure under the ITs and redistributes it over other parts
of the seat interface. However, in these studies, the mus-
cles were stimulated in a cumbersome manner by
repeated application of large electrodes to the buttocks.
The long-term practicality of and patient compliance
with this technique are problematic. Most recently, Bogie
et al. used an implanted muscular electrical stimulation
system to enable SCI patients to stand. They found that
electrical stimulation of the gluteus maximus decreased
pressure under the ischial region after an 8-week FES
exercise program [10,26]. Lippert-Gruner presented a
case report on use of an anal probe for stimulating gluteal
muscles and hence healing gluteal PUs [27]. An
implanted sacral FES device may be a more practical

solution, especially if its utility can be demonstrated non-
invasively. For example, functional magnetic stimulation
(FMS) of the sacral nerve roots can effectively and non-
invasively contract gluteal and pelvic-floor muscles [28].
Moreover, for chronic stimulation of the gluteal muscles,
electrical stimulation of the sacral nerve roots through
implanted electrodes may more effectively build muscle
bulk, reduce seating pressure, and improve local skin cir-
culation, thus preventing ischial PUs in people with SCI
who use wheelchairs.

In this study, we aimed to—
1. Investigate the acute effects of sacral FMS on seat inter-

face pressure changes in nondisabled volunteers and
demonstrate the utility of FMS as an assessment tool.

2. Use a FineTech Brindley (Herts, England) sacral ante-
rior root stimulator (SARS) implant to show that FES
has similar effects in people with SCI.

METHODS

Subjects
The study protocol was approved by the local ethics

committee. All participants gave their informed consent.
For the sacral FMS study, we excluded individuals who
were pregnant or using a cardiac pacemaker, which are
contraindications to magnetic stimulation. Five nondis-
abled males, aged 29 to 60 years, participated.

For the sacral FES study, we included individuals 18
to 65 years old who had suprasacral SCI (complete/
incomplete) and a SARS implant and excluded individu-
als with current PUs over the gluteal region or with a his-
tory of severe autonomic dysreflexia. Four males and one
female with SCI and a SARS implant participated (aged
34 to 62 years, level of injury from third thoracic to elev-
enth thoracic vertebrae complete, and duration of injury
from 9 to 24 years) (Table 1).

Table 1.
Baseline characteristics of five participants with spinal cord injury (SCI) and sacral anterior root stimulator implant.

Subject Age (yr) Sex Level of Injury Year of SCI History of Ischial PUs Roots Implanted
1 34 F T7/8 complete 1992 No S2, S3, S4
2 41 M T4/5 complete 1980 Stage I PU (right) S2, S3, S4
3 38 M T4 complete 1995 No S2, S3, S4
4 50 M T3 complete 1995 State II PU S2, S3, S4
5 62 M T10/11 complete 1982 Stage I PU (left) S2, S3, S4

F = female, M = male, PU = pressure ulcer, S = sacral, T = thoracic (numbers refer to vertebra number).
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Phantom Study
Before the sacral FMS study, we carried out a phantom

study to identify possible magnetic stimulation interfer-
ence on the interface pressure mapping and acquisition
hardware [29]. We used a repetitive magnetic stimulator
(MagPro, Dantec Dynamics A/S, Skovlunde, Denmark)
with a large circular coil (120 mm diameter) to apply mag-
netic stimulation to a cushion-loading indentor [30–31]
that was loading a cushion and pressure-mapping the
effects of the magnetic pulses on the interface pressure
mapping system (36 × 36 cells at 10 mm pitch, XSENSOR
Technology Corporation, Calgary, Alberta, Canada). The
magnetic stimulating coil was applied against the “sacrum
area” of the cushion-loading indentor and was energized at
single pulse frequencies of 5 to 20 Hz and an intensity of
30 to 90 percent of maximum stimulator output during
mapping of interface pressure. We compared the interface
pressure measurements with the stimulator off and on by
converting the data to American Standard Code for Infor-
mation Interchange (ASCII) format. Interface pressures
did not change before, during, and after stimulation. In
other words, no magnetic stimulation artifact was detected
on the interface pressure mapping.

Ischial Pressure Measurement
Each participant sat in a wheelchair with fitted arm and

foot rests. Ischial pressures were measured with an interface
pressure-mapping system (36 × 36 cells at 10 mm pitch,
XSENSOR Technology Corporation, Calgary, Alberta,
Canada). The seat pressure mat was placed between the
participant and the standard foam cushion (high-resilience
foam, density 45 kg/m3). Before the study began, the seat
pressure mat was calibrated according to the manufac-
turer’s instructions. An initial data set was recorded once
the subjects were stabilized in a standard sitting position
defined as backrest-to-seat angle of at least 80° and footrest
adjustment such that the thighs were parallel to the seat.
Seat pressures were recorded before, during, and after stim-
ulations. The sample rate of pressure mapping was 7 Hz
frame/second. Real-time two-dimensional images of pres-
sure distribution at the seat interface were produced with
the graphical display software provided with the pressure
mapping system and were saved in a personal computer.

All data were then converted to ASCII format. Interface
pressure readings were peak pressure, defined as the highest
individual sensor value under the ITs, and gradient at peak
pressure, defined as the average difference among the high-
est sensor value and the values from the surrounding eight

sensors. We analyzed pressure measurements by comparing
the peak pressure and gradient at peak pressure. We used
two-tailed paired t-tests with a 95 percent confidence inter-
val to compare the pressure parameters before and during
stimulations. Statistical significance was defined as α = 0.05.

Sacral Functional Magnetic Stimulation
FMS was delivered by placement of a repetitive mag-

netic stimulator (MagPro, Dantec Dynamics A/S, Skov-
lunde, Denmark) with a large circular coil (120 mm
diameter) over the sacrum area of the five nondisabled par-
ticipants. To obtain smooth tetanic contraction of the glu-
teal muscles, we used stimulation frequencies ranging from
15 to 25 pps at 50 to 70 percent intensity for 2 seconds.

The optimal coil position for sacral nerve root stimu-
lation was determined by mapping of the gluteal muscle
response [28]. The coil was placed over various points of
a grid pattern that ranged from the iliac crest to 10 cm
below and 8 cm on either side of midline of the iliac
crest.

Sacral Functional Electrical Stimulation via Sacral 
Anterior Root Stimulator Implant

Electrical stimulation was applied bilaterally via the
participants’ implanted SARS (currently used for bladder
emptying [32–33]). Before the experiment, the partici-
pants were asked to empty their bladders and bowels.
Then, only the second sacral (S2) nerve root was stimu-
lated. To obtain a smooth tetanic contraction of the glu-
teal muscles, we used a stimulation frequency of 20 pps
at a pulse width that varied from 8 to 800 seconds and an
amplitude of “1” for 10 seconds.

RESULTS

Sacral Functional Magnetic Stimulation
All five nondisabled participants tolerated FMS well

and experienced no adverse effects. We determined peak
pressure values under the ITs for each of the six frames
within a data set and averaged the six frames. Figure 1
shows bilateral peak pressure traces before, during, and
after stimulation (Figure 1(b)) when the coil was placed
at the midline of S2 level (Figure 1(a)). The difference
between resting and stimulated pressures at the ITs was
statistically significant. The results for individual partici-
pants are summarized in Table 2.
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With optimal stimulation, the five nondisabled partici-
pants obtained an average 20 percent reduction of peak
pressure and 23 percent reduction of gradient at peak pres-
sure. Peak pressures decreased during FMS as compared

with baseline (mean ± standard error of measurement
[SEM] = 123.6 mmHg ± 8.3 [16.3 kPa ± 1.1] at rest vs
98.7 mmHg ± 8.2 [13.1 kPa ± 1.1] during stimulation, p =
0.03, paired two-tailed t-test) (Figure 2); similarly, the gra-
dient at peak pressure decreased during FMS as compared
with baseline (mean ± SEM = 35.0 mmHg/cm ± 7.1
[4.7 kPa/cm ± 0.9] at rest vs 27.4 mmHg/cm ± 6.6
[3.6 kPa/cm ± 0.9] during stimulation, p < 0.01, paired
two-tailed t-test). The response was optimal with the
coil at S2 level (about 6 cm below iliac crest) as shown in
Figure 3. For bilateral pressure decrease, the optimal coil
position was at the midline; for ipsilateral response, the
optimal position was at 2 to 4 cm lateral to midline.
Increased FMS intensity was associated with greater
reduction in peak pressure, as would be expected.

Sacral Anterior Root Stimulator Implant
All five participants with SCI completed the study

and reported no muscular, skeletal, or bladder complica-
tions. Bilateral S2 stimulation caused palpable contrac-
tion of the gluteus maximus and mild hip and leg
movements. We determined peak pressure and gradient at
peak pressure under the ITs for each of the six frames
within a data set and averaged the six frames. Initial data
analysis showed no significant differences between left
and right ischial pressure; therefore, bilateral values were
averaged for each subject. The results for individual par-
ticipants are summarized in Table 3.

Figure 4 shows typical seat interface pressure distri-
bution before and during stimulation in one participant
with SCI. With optimal stimulation, the five participants
with SCI obtained an average 33 percent reduction of

Figure 1.
(a) Coil placed at midline of second sacral foramen level over a pelvis
superimposed by a grid. (b) Bilateral peak pressure at rest, during
functional magnetic stimulation (FMS), and after FMS for one
nondisabled participant with coil optimally placed as shown.

Table 2.
Ischial tuberosity peak pressure and gradient at peak pressure before and during functional magnetic stimulation (FMS) in five nondisabled participants.

Subject
Peak Pressure

(mmHg) Peak Pressure 
Drop (mmHg)

Peak Pressure 
Change (%)

Gradient at Peak Pressure
(mmHg/cm)

Gradient at Peak 
Pressure Drop 
(mmHg/cm)Before FMS During FMS Before FMS During FMS

1 116.3 112.0 4.3 3.4 37.0 24.0 13.0
2 156.3 120.5 35.8 21.8 50.0 39.0 11.0
3 110.3 77.3 33.0 30.0 23.0 16.0 7.0
4 116.8 83.3 33.5 28.9 50.0 46.0 4.0
5 118.0 100.5 17.5 14.8 15.0 12.0 3.0

Mean ± SEM 123.6 ± 8.3 98.7 ± 8.2* 24.8 ± 6.14 19.8 ± 4.9 35.0 ± 7.1 27.4 ± 6.6† 7.6 ± 1.9
*p < 0.05.
†p < 0.01 vs before FMS.
SEM = standard error of measurement.
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peak pressure (mean ± SEM = 148.6 mmHg ± 10.0
[19.8 kPa ± 1.3] at rest vs 99.8 mmHg ± 6.7 [13.3 kPa ±
0.9] during stimulation, p = 0.002, paired two-tailed t-test)
(Figure 5) and 38 percent reduction of the gradient at
peak pressure (mean ± SEM = 54.6 mmHg/cm ± 8.8
[7.3 kPa/cm ± 1.2] at rest vs 33.8 mmHg/cm ± 7.8
[4.5 kPa/cm ± 1.0] during stimulation, p = 0.03, paired
two-tailed t-test). Increased pulse width of sacral nerve root
stimulation produced greater reduction in peak pressure;
peak pressure stabilized after reaching maximum
responses. Maximum reduction of peak pressure was
achieved at a stimulation pulse width that varied from 64 to
600 s in the five participants with SCI. As a group, the five
participants with SCI showed maximum reduction of peak
pressure at a 256 s stimulation pulse width (Figure 6).

DISCUSSION

Our results demonstrate that S2 nerve root stimula-
tion by FMS or an implanted electrical stimulator can
induce gluteal muscle contraction sufficient for statisti-
cally and clinically significant ischial pressure reduction
during sitting. In five nondisabled participants, maximum
effects were obtained at approximately S2 foramen level
with optimal magnetic stimulation; in five participants
with SCI and a SARS implant, maximum reduction of
peak pressure was obtained by S2 stimulation with a 64
to 600 s pulse width and 20 pps frequency.

S2 nerve root stimulation by FMS or an implanted
electrical stimulator effectively induced gluteus maximus
contraction and mild pelvic tilt and significantly reduced
seating pressures. The peak pressure reductions in this
study were similar to those obtained by Ferguson et al.
[34] who studied electrical stimulation of quadriceps and
by Burns and Betz [35] and Henderson et al. [36] who

Figure 2.
Ischial tuberosity peak pressures before (rest) and during optimal
sacral functional magnetic stimulation (FMS) in five nondisabled
participants (mean ± standard error of measurement = 123.6 mmHg ±
8.3 at rest vs 98.7 mmHg ± 8.2 during FMS). *Significant at p = 0.03.

Figure 3.
Reduction in ischial tuberosity peak pressure during functional
magnetic stimulation of five nondisabled participants at midline of
different levels (L5–S4) below iliac crest. L = lumbar, S = sacral.

Table 3.
Ischial tuberosity peak pressure and gradient at peak pressure before and during sacral nerve root functional electrical stimulation (FES) in five
participants with spinal cord injury and sacral anterior root stimulator implant.

Subject
Peak Pressure

(mmHg) Peak Pressure 
Drop (mmHg)

Peak Pressure 
Change (%)

Gradient at Peak Pressure
(mmHg/cm)

Gradient at Peak 
Pressure Drop 
(mmHg/cm)Before FES During FES Before FES During FES

1 152.3 108.0 44.3 29.1 71.0 28.0 43.0
2 131.0 115.9 15.1 11.5 62.0 23.0 39.0
3 148.0 102.5 45.5 31.4 54.0 52.0 2.0
4 184.0 96.0 88.0 47.8 65.0 52.0 13.0
5 127.8 76.5 51.3 41.2 21.0 14.0 7.0

Mean ± SEM 148.6 ± 10.0 99.8 ± 6.7* 48.8 ± 11.6 33.2 ± 6.2 54.6 ± 8.8 33.8 ± 7.8† 20.8 ± 8.5
*p < 0.01 vs before FES.
†p < 0.05.
SEM = standard error of measurement.
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studied forward-leaning and dynamic wheelchair cush-
ion/tilt but were greater than those obtained by Levine et
al. who studied gluteal-muscle stimulation [24]. One pos-
sible explanation for these discrepant results is that the S2
nerve root stimulation in our study efficiently activates
the entire neuromuscular bundle. In contrast, surface FES
of the gluteus maximus only activates certain regions of
muscle fibers. As one might expect, the gluteus maximus
is difficult to stimulate by surface electrodes because it
has greater mass and covers adipose tissue.

After SCI, an individual’s loss of motor control and
consequent immobility lead to disuse and atrophy of the
gluteal muscles, which increases interface pressures
under the ITs during sitting. In our study, baseline peak
pressures under the ITs during sitting were higher in the
SCI group than the nondisabled group. We found that,
with optimal stimulation, peak pressure was reduced 33
percent in the five participants with SCI and nearly 20
percent in the five nondisabled participants. Less pres-
sure reduction in the nondisabled participants is attribut-
able, in part, to a relatively lower level and duration of
stimulation compared with the FES applied via SARS

Figure 4.
Seat interface pressure distribution in one male patient with spinal cord injury (a) before and (b) during functional electrical stimulation of second
sacral nerve root via a sacral anterior root stimulator implant. L = left, R = right.

Figure 5.
Ischial tuberosity peak pressure before (rest) and during optimal sacral
functional electrical stimulation (FES) in five participants with spinal
cord injury and sacral anterior root stimulator implant (mean ±
standard error of measurement = 148.6 mmHg ± 10.0 at rest vs
99.78 mmHg ± 6.7 during FES). *Significant at p = 0.002.

Figure 6.
Percentage reduction of ischial tuberosity peak pressure at different
functional electrical stimulation pulse widths in five participants with
spinal cord injury and sacral anterior root stimulator implant.
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implant in the participants with SCI. Otherwise, this dif-
ference in pressure reduction may reflect variations in
individual body weight and pelvic anatomy or our small
sample sizes. Nevertheless, these results suggest that FES
applied via SARS implant may be most beneficial for
patients already experiencing atrophied gluteal muscles.

While PU development is undoubtedly multifacto-
rial, prolonged pressure loading that exceeds the tissue’s
tolerance is a major factor in ulcer development. Brienza
et al. evaluated the relationship between PU incidence
and buttock-seat cushion interface pressure in at-risk eld-
erly persons who used wheelchairs [37]. They found that
higher interface pressure measurements were associated
with a higher incidence of sitting-acquired PUs. Simi-
larly, Conine et al. studied the effectiveness of Jay cush-
ions in PU prevention in 163 elderly persons who used
wheelchairs [38]. They found that the incidence of PUs
was significantly higher among those persons with high
peak pressures of 60 mmHg or higher. Therefore, a sensi-
ble approach to ischial PU prevention is the reduction of
pressures under the ITs and the redistribution of seat
interface pressure.

In this pilot study, we looked mainly at the acute
effects of sacral nerve root stimulation on pressure
changes. FMS is a noninvasive technique for assessment
of whether sacral nerve root stimulation efficiently induces
gluteal muscle contractions and thereby reduces sitting
pressure. In our study, we optimized the stimulation
parameters (either through SARS implant or FMS) to
achieve a force of gluteal muscle contraction sufficient to
measurably affect pressure reduction. Although the pres-
sure changes recorded in this study were statistically
significant, application in a clinical setting is a more com-
plex issue. Levine et al. investigated the effect of surface
FES on seating pressure for different interface conditions
in nondisabled subjects [24]. They found that pressure
changes decreased as seating became more compliant. Fur-
ther studies for determination of the differences in pressure
relief achieved by sacral nerve root stimulation are essen-
tial. Our center is currently investigating ischial blood per-
fusion during stimulation [39]. Chronic stimulation of
gluteal muscles is postulated to increase blood perfusion
[10,40] and produce increased bulk of atrophied muscle,
which in turn can improve load distribution at the buttock-
seat cushion interface [26,41–43]. We are also investigat-
ing the effect of chronic S2 nerve root stimulation via
SARS implant on tissue loading and hemodynamics.

CONCLUSIONS

SARS implant is a well-established procedure for
bladder and/or bowel management in people with SCI.
Although implants have potential risks, the SARS
implant has advantages for bladder management, includ-
ing improved bladder capacity, no hyperreflexia, and
reduced urinary tract infection rates [44–47]. Previous
studies indicated that the highest detrusor response regis-
tered at the S3 and S4 nerves but that the S2 nerves play a
subordinate role with regard to the urinary bladder [48–
49]. Thus far, the electrodes have usually been bilaterally
implanted into S3 and S4 nerve roots; S2 is not selected
for every patient. We propose that, in addition to restora-
tion of bladder control with a SARS implant, implanted
S2 nerve root electrodes may also provide frequent, con-
venient, and sufficient stimulation of gluteal muscles.

If chronic stimulation of S2 nerve roots can increase
muscle bulk, redistribute seating pressure, and improve
local vascular circulation, then an implanted S2 nerve-
root stimulator may become an alternative method of
ischial PU prevention in people with SCI.
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