
63

INTRODUCTION
Despite advancements in spinal instrumentation and bone 

grafting techniques, clinical results of spinal fusions are often 
negatively influenced by the development of pseudoarthrosis.  
Electrical stimulation is now a popular technique to enhance 
bone formation in spinal fusions.  The current methods used 
to enhance spinal fusion include direct current electrical 
stimulation, capacitive coupling, combined magnetic fields, 
and pulsed electromagnetic fields.1-3

HISTORY OF ELECTRICAL STIMULATION
Attempts to heal fractures with electrical stimulation 

began as early as 1841. Hartshorne reported on a patient 
with a tibial nonunion who was treated with electricity.4  In 
1850, Lente reported on successful use of galvanic current 
in the treatment of three patients with delayed unions or 
nonunions.5 Wolff, in 1892, first described the phenomenon of 
bone formation in response to stress.6  

The modern theories of electrical stimulation are based on 
the work of Yasuda. In 1953, Yasuda and his colleagues deter-
mined that areas of bone in compression were electronegative, 
while areas in tension were electropositive. They proposed 
that electrical energy imparted to a bone would initiate 
callus formation. Using direct current, they showed in a 
rabbit model the formation of a ridge of callus along the 
cathode, and confirmed their theory.7,8  Yasuda’s observations 
were independently confirmed by multiple investigators.9-11  
Friedenberg and Brighton further elucidated that in areas 
of bone undergoing active growth or repair, the potential is 
electronegative in relation to areas of resting bone.12  This 
awareness that bone responds to electrical stimulation encour-
aged further investigations into the effects of electrical stimula-
tion on bone formation and growth. 

VARIOUS METHODS OF ELECTRICAL STIMULATION
There are three main techniques used for delivering 

therapeutic currents: direct current stimulation, capacitive 
coupling, and pulsed electromagnetic fields.  
DIRECT CURRENT ELECTRICAL STIMULATION

Direct current stimulation involves the surgical implanta-
tion of electrodes with a battery (Figure 1).  The cathode 
is placed in direct contact with the proposed site of fusion. 
The cathodes’ effective stimulation distance is 5 to 8 mm.  
By coiling the cathode, one can enhance the surface area 
and stimulation bed.  The batteries deliver a constant, direct 
current for 6 to 9 months.  

Direct current obviates the need for patient compliance.  
However, there are some disadvantages to intracorporal battery 
placement.  First, battery placement takes approximately 10-15 
minutes, thereby lengthening the time that the patient is under 
general anesthesia.  Secondly, the manufacturer suggests that 
the battery be removed in six months.  Although the battery is 
placed in the subcutaneous space and can be removed under 
local anesthesia, this does entail a second surgical procedure 
for the patient.  Finally, there is a risk of seeding the battery 
and the leads from a systemic infection.

CAPACITIVELY COUPLED ELECTRICAL STIMULATION

In 1986, Brighton first used capacitively coupled electrical 
stimulation to treat recalcitrant non-unions.13  Capacitive 
coupling affects voltage dependent calcium channels in bone-
cell membrane, which may then activate membrane proteins 
such as calmodulin, and thus affect healing.  The precise 
mechanism of stimulation, however, is not clearly understood.  
Theories include 1) desensitization of bone cells to para-
thormone receptors, 2) increasing calcium influx, with a 
subsequent triggering of insulin-like growth factor, or 3) 
enhancement of phospholipase A2 and prostaglandin E2 in cell 
membranes.
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Figure 1. 
An implantable, 
mesh cathode 
electrical stim-
ulator. (EBI, 
Parsippany, NJ)
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Capacitive coupling uses a pair of external electrodes 
(Figure 2).  These electrodes  produce electric fields when an 
electric current is applied.  The available capacitive coupling 
device creates an output signal of approximately 5 V and a 
current of 7.1 to 10.5 mA, with a symmetric sine wave signal 
at 60 kHz.  The electrodes are placed 10 cm apart on the 
skin, over the area of spine undergoing fusion.  It is worn 
continuously for 6 to 9 months.  
PULSED ELECTROMAGNETIC FIELDS

The technique of pulsed electromagnetic fields (PEMFs) 
uses time-varying electric fields to modify cell behavior.  PEMFs 
have been used successfully for noninvasive treatment of non-
unions, as determined by many clinical trials.14  The theory 
behind the use of PEMF is based on the fact that bone gener-
ates a biphasic electrical potential when stress is applied.15  It is 
believed that these electrical potentials are used as signals for 
the synthesis or degradation of bone matrix.  PEMF attempts 
to externally effect the electrical potential of bone, thereby 
mimicking the effect of mechanical stress on bone. 

The use of pulsed electromagnetic fields requires neither 
additional intraoperative time nor a second surgical procedure 
for battery removal.  The system consists of a noninvasive 
external coil that delivers electromagnetic energy when driven 
by an electric current.  This method does require good patient 
compliance.   The external units require six to eight hours of 
use each day in order to be clinically effective.  No adverse 
systemic effects have been reported with the use of these 
external devices.

EXPERIMENTAL STUDIES
Many studies have demonstrated that direct current elec-

trical stimulation induces osteogenesis at the negative elec-
trode (cathode).  A current level must be at least 5 to 20uA to 
effectively induce osteogenesis.16, 17

In cell cultures, direct current is capable of inducing 
cell division and recruitment of osteogenic cells.  In vivo, 
osteogenesis is thought to be due to a reaction at the electrode-
tissue interface. Water undergoes hydrolysis, reducing oxygen 
tension, which in turn produces hydroxyl ions.  This reaction 

increases the local tissue pH.  An alkaline and low PO2 environ-
ment is thought to be optimal for bone formation.  

Recent work has revealed that specific signal transduction 
occurs in electrically stimulated bone cells.  Brighton et al. 
evaluated the use of capacitive coupling, inductive coupling, 
or combined electromagnetic fields on cultured bone cells.  All 
three techniques led to an increase in cytosolic Ca2+ and in 
activated cytoskeletal calmodulin.  This increase in activated 
calmodulin has been shown to increase cell proliferation.18 
An understanding of the signal transduction and metabolic 
pathways induced by electrical stimulation will improve the 
ability of researchers and clinicians to utilize electricity to 
enhance spinal fusion.
ANIMAL STUDIES OF DIRECT CURRENT ELECTRICAL STIMULATION 

Many animal studies have been used to assess the ability of 
direct current electrical stimulation to enhance spinal fusion.  
In 1986, Nerubay et al. demonstrated an increased spinal 
fusion rate in a swine model.  The animals underwent an 
uninstrumented posterior spinal fusion at the L5-L6 level, with 
the use of direct current electrical stimulation.  There were 15 
animals in the experimental group as well as 15 in the control 
group.  The authors demonstrated a statistically significant 
increase in fusion rate at two months.19

Kahanovitz and Arnoczky performed a well-controlled 
study on canine lumbar spinal fusions in 1990.  They per-
formed bilateral facet fusions at L1-L2 and L4-L5 in 12 dogs.  
Six animals received direct current electrical stimulation, and 
six received inactive devices.  At 12 weeks, the animals  that had 
received the stimulation demonstrated complete arthrodesis.20

In 1999, Bozic et al. published the results of a rabbit fusion 
model, using coralline hydroxyapatite as a bone graft substitute 
in combination with direct current electrical stimulation.  
There were four experimental groups: one had autologous bone 
alone; the second had coralline hydroxyapatite with a proximal 
tibia aspirate; the third had coralline hydroxyapatite with an 
iliac crest aspirate and 40 microamps of direct current electrical 
stimulation; and the fourth had coralline hydroxyapatite with 
an iliac crest aspirate and 100 microamps of direct current 
electrical stimulation.   The animals were sacrificed at eight 
weeks and underwent radiographic, histologic and mechanical 
testing.  The results demonstrated a dose-dependent response 
to the direct current stimulation.  The 100 microamp device 
significantly enhanced fusion success.  The combination of 
coralline hydroxyapatite and the 100 microamp device achieved 
better fusion rates than that of autologous bone graft alone.21

Toth et al, in 1999, used varying doses of direct current 
electrical stimulation on an interbody fusion model in sheep.  
This study involved a single level discectomy and fusion 
with a titanium cage.  This study involved three groups of 
animals: one group underwent cage application with an inac-
tive stimulator; the second group had 30 microamps; and the 
third group had 100 microamps of stimulation.  The authors 
discovered an enhanced fusion rate and biomechanically stiffer 
fusion masses in the 100 microamp group.22

Another recent study by Kahanovitz et al. evaluated the 

Figure 2. 
A capacitively 
coupled stimulation 
device. (EBI, 
Parsippany, NJ)
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effect of varied current densities on spinal fusion.  Using his 
original canine fusion model, Kahanovitz demonstrated a dose-
response of fusion mass scores to increasing current density.  
The highest current density (10 microamps/cm) showed a 
statistically higher fusion score than the lowest current density 
(0.83 microamps/cm) at six and nine weeks.  No differences 
were noted at 12 weeks as all groups showed complete fusion.  
This study suggests that the speed of fusion may be improved 
by increasing electrical stimulation current density.23

ANIMAL STUDIES OF PULSED ELECTROMAGNETIC FIELDS  
In 1984, Kahanovitz et al. demonstrated that pulsed 

electromagnetic fields allowed an early, accelerated healing 
response in a posterior fusion with internal fixation in a canine 
model.  This study showed an enhancement with the PEMF 
stimulation at six and nine weeks.  However, no difference 
was ultimately seen at 12 and 15 weeks, either radiographically 
or histologically.24  A follow-up study, performed by the same 
group, utilized a different electromagnetic field signal.  This 
demonstrated no significant increase in fusion rate, when 
compared to controls.20

In 1994, Guizzardi et al. reported an enhancement of bone 
formation with PEMF stimulation in a rat model at four and 
eight weeks.25  Glazer et al. studied the effect of PEMFs on 
a rabbit spinal fusion model.  The authors performed a well-
controlled study, comparing autograft alone or with PEMF.  
Over the course of six weeks, for four hours each day, the 
animals were placed in cages designed to create a uniform 
field over the fusion site.  The analysis included biomechanic, 
histologic, and radiographic evaluation of the fusion masses.  
The study demonstrated that the stiffness of the fusion mass 
treated with PEMF was 37% greater than that of controls.  
Furthermore, an enhanced fusion rate was seen with PEMF, 
but it was not statistically significant.26  

CLINICAL STUDIES
CLINICAL STUDIES OF DIRECT CURRENT ELECTRICAL STIMULATION

In 1988, Kane reported the results of a three-trial, multi-
center study.  This study evaluated the efficacy of implanted 
direct current electrical stimulation in patients who underwent 
posterior spinal fusion.  In each trial, fusion was assessed 
radiographically at 12-18 months postoperatively by the operat-
ing surgeon as well as an independent radiologist.  In the first 
trial, a group of patients which received electrical stimulation 
during posterior spinal fusion was compared with a historical 
control group.  The results were statistically significant, with a 
successful fusion rate of 91% in the stimulated group, versus 
81% in the control group.

Kane’s second trial was a randomized prospective con-
trolled trial of electrical stimulation in “difficult” spinal fusion 
patients.  He defined the “difficult” patients as those with at 
least one of the following: 1) one or more previous failed spinal 
fusions,  2) Grade II or worse spondylolisthesis, 3) extensive 
bone grafting necessary for a multiple-level fusion, or 4) other 
high-risk factors for failure of fusion, including gross obesity.  
Again the results were statistically significant: there was a 
successful fusion rate of 81% for the stimulated group versus 

54% for the controls.  Finally, the third trial analyzed the 
results of an uncontrolled group of “difficult” patients who had 
undergone posterior spinal fusion supplemented with direct 
current electrical stimulator implantation.  The fusion rate 
was 93%.29

In 1994, Meril reported a 93% rate of successful fusion 
in patients who had undergone either anterior or posterior 
lumbar interbody fusion with electrical stimulation.  The 
control patients achieved only a 75% fusion rate.  In Meril’s 
study, four of the 122 patients who had received implantable 
stimulators required removal of the device during the course of 
treatment secondary to patient discomfort.30

Pettine performed a retrospective study of DC current 
stimulation in 1995.  He found a higher fusion rate in 
those patients receiving electrical stimulation (89% versus 84% 
overall).  In “high-risk” patients, there was a fusion rate of 96% 
in the stimulated group versus 80% in controls. 

In 1996, Rogozinski and Rogozinski published a study 
which analyzed the efficacy of electrical bone growth stimula-
tion in spinal fusion surgery using pedicle screw fixation.  
The patients all underwent posterolateral fusion with autolo-
gous bone graft and fixation using a pedicle screw and rod 
system.  The patients had been matched for diagnostic criteria, 
surgical approach, fixation technique, and rehabilitative regi-
men.  Fusion surgery was performed by the same two surgeons 
for all patients.  The average follow-up was 20.5 months.  
The group that received electrical stimulation achieved a 96% 
successful fusion rate versus an 85% fusion rate for control 
patients.  The higher absolute rates of successful fusion 
achieved in the Rogozinski study when compared with Kane’s 
study implies increased fusion rates when instrumentation 
is used.31

 Kucharzyk reported the results of a controlled prospective 
outcome study in a high-risk fusion population.  A total 
of 130 patients underwent posterolateral spinal fusion with 
autologous graft and pedicle screw fixation instrumentation.  
The patients were divided into two 65-patient groups, with one 
group receiving an implantable electrical stimulator and the 
other group acting as a control.  The average overall follow-up 
period was 3.8 years.  Patient follow-up examinations included 
radiographic evaluation of the lumbar spine for assessment of 
fusion.  The radiographic criteria for successful fusion were 
consolidation of bone graft, observation of bridging trabeculae, 
absence of pseudarthrosis lines, absence of correlating pain, 
and absence of instrumentation failure.  In addition, patients 
were evaluated for clinical outcome using the modified Smiley-
Webster surgical rating scale; only ratings of excellent or good 
were accepted as successful.  Kucharzyk reported a successful 
fusion rate of 95.6% in stimulated patients versus 87% in the 
control group.  Clinical outcome evaluation demonstrated a 
95% success rate in the stimulated group versus 79% in the 
control group.32

In 1996, Tejano et al. reviewed a series of patients who 
had undergone a posterolateral intertransverse-process or facet 
fusions with autogenous iliac crest bone graft in conjunction 



66

with an EBI electrical stimulator DC current device.  The 
overall fusion success rate was 91.5%.  A lower fusion rate 
was seen in those patients undergoing pseudarthrosis repair 
(80%).33

CLINICAL STUDIES OF PULSED ELECTROMAGNETIC FIELDS  
In 1985, Simmons treated patients with failed posterior 

lumbar interbody fusions with pulsed electromagnetic fields.  
This study consisted of 13 male patients, at a mean of 40 
months after their original fusion procedure. The patients wore 
an external PEMF device for 8-10 hours per day for one year.  
Radiographic analysis of these patients demonstrated enhanced 
bone consolidation in 11 out of 13 patients (85%).34

Lee described a series of patients undergoing pseudar-
throsis repair using PEMF postoperatively, in 1989.  He 
reported a 67% success rate.35  Soon after, in 1990, Mooney ana-
lyzed postoperative PEMF treatment in patients who had under-
gone either anterior or posterior lumbar interbody fusions.  
Radiographic fusion success was defined as 50% incorporation 
of the fusion mass.  Patients who were compliant with the 
use of the PEMF device had a successful fusion rate of 92.2%.  
Those who were noncompliant with the use of the PEMF 
device and those with the placebo device, had fusion rates of 
64.9% and 67.9%, respectively.  Interestingly, internal fixation, 
smoking, as well as type of bone graft used (allograft versus 
autogenous iliac crest) had no effect on the fusion rate.36 

Linovitz presented the results of a double-blind, random-
ized, placebo-controlled study on PEMF in 2000.  Patients 
underwent single or two-level lumbar fusions without instru-
mentation.  Patients were randomized to receive either a 
placebo or an active PEMF unit postoperatively.  Only one 
half-hour per day of PEMF stimulus was used for nine months.  
The results demonstrated a higher fusion rate of 64% in the 
treated group versus 43% in the placebo group.37 

CLINICAL STUDIES OF CAPACITIVE COUPLING

Goodwin et al. demonstrated an enhancement of spinal 
fusion in patients with capacitive coupling devices.  This study 
evaluated patients in a randomized, double-blind prospective 
trial.  Patients were treated with anterior or posterior lumbar 
interbody fusions, or posterolateral fusions.  The surgical 
treatments varied in terms of use of instrumentation and 
type of bone graft.  Clinical as well as radiographic results 
were assessed.  Patients receiving the capacitive coupling 
stimulation had a success rate of 84.7% versus 64.9% for the 
control group.38 

FUTURE STUDIES
The exact role of electrical stimulation is still unclear.  

Some surgeons use these techniques for patients at high risk 
for developing pseudoarthrosis, such as patients undergoing 
fusions at multiple levels, those with a significant smoking 
history, diabetic patients, and patients who have failed previous 
surgeries.  Other surgeons use electrical stimulation in all 
surgical fusion cases.  At this time, when great emphasis has 
been placed on cost reduction of surgical procedures, it is 
unclear whether electrical stimulation is an effective form of 
preventive medicine.  In the past, patients who have developed 
a pseudoarthrosis after a prior lumbar fusion often have 
required a more aggressive surgical approach with a combined 
anterior and posterior fusion.  To date, no study has compared 
the clinical results of patients undergoing pseudoarthrosis 
repair with this combined anterior-posterior surgery versus 
a revision posterior approach alone, combined with electrical 
stimulation.  Prospective, controlled, randomized clinical trials 
with large numbers of patients will be necessary to determine 
whether the use of these new devices is cost effective. 



67

References

1.     Bush JL, Vaccaro AR. Electrical Stimulation in lumbar spinal fusion. Orthopedics 2000;23(7):737-743.
2.     Oishi M, Onesti ST. Electrical bone graft stimulation for spinal fusion: a review. Neurosurgery 2000;47(5):1041-1056.
3.     Kahanovitz N. The use of adjunctive electrical stimulation to enhance the healing of spine fusions. Spine 1996;21:2523-2525.
4.     Hartshorne E. On the causes and treatment of pseudarthrosis and especially that form of it sometimes called supernumerary joint. Am J Med, 1841;1:121-156.
5.     Lente RW. Cases of ununited fracture treated by electricity. NY State J Med. 1850;5:317-319.
6.     Wolff J. Das Gaetz der Transformation. Transformation der Knocken. Berlin, Hirschwald. 1892.
7.     Yasuda I. Electrical callus. Journal of Kyoto Medical Society 1953;4:395. 
8.     Yasuda I, Noguchi K, Stat T. Dynamic callus and electrical callus. J Bone Joint Surg Am. 1955;37:1292-1293.
9.     Bassett CAL, Becker RO. Generation of electric potentials by bone in response to electromagnetic stress. Science 1962;137:1063-1064. 
10.   Shamos MH, Lavine LS, Shamos MI. Piezoelectric effect in bone. Nature. 1963;197:81.
11.   Shamos MH, Lavine LS. Physical basis for bioelectric effects in mineralized tissues. Clin Orthop 1964;35:177-188.
12.   Friedenberg ZB, Brighton CT. Bioelectric potentials in bone. J Bone Joint Surg Am. 1966;48A:915-923.
13.   Brighton CT, Pollack SR. Treatment of recalcitrant non-union with a capacitively coupled electrical field. A preliminary report. J Bone Joint Surg Am. 1985;67:577-585.
14.   Bassett CAL. The development and application of pulsed electromagnetic fields (PEMFs) for ununited fractures and arthrodeses. Orthop Clin N Am 1984;15(1):61-87.
15.   Cochran GVB, Pawluk RJ, Bassett CAL. Electromechanical characteristics of bone under physiological moisture conditions. Clin Orthop 1968;58:249-270.
16.   Friedenberg ZB, Andrews ET, Smolenski BI, Perl BW, Brighton CT. Bone reactions to varying amounts of direct current. Surg Gynecol Obstet, 1970;131:894-899.
17.   Friedenberg ZB, Zemsky LM, Pollis RP, Brighton CT. The response of non-traumatized bone to direct current. J Bone Joint Surg Am 1974;56A:1023-1030.
18.   Brighton CT, Wang W, Seldes R, Zhang G, Pollack SR. Signal transduction in electrically stimulated bone cells. J Bone Joint Surg Am. 2001;83A(10):1514-1523.
19.   Nerubay J, Margarit B, Bubis JJ, et al. Stimulation of bone formation by electrical current on spinal fusion. Spine 1986;11: 167-169.
20.   Kahanovitz N, Arnoczky SP. The efficacy of direct current electrical stimulation to enhance canine spinal fusions. Clin Orthop 1990; 251:295-299.
21.   Bozic KJ, Glazer PA, Zurakowski D, Simon BJ, Hayes WC, Lipson SJ, In vivo evaluation of coralline hydroxyapatite and direct current electrical stimulation in 
        lumbar spinal fusion. Spine 1999; 24:2127-2133. 
22.   Toth JM, Seim HB III, Schwardt JD, Humphrey WB, Wallskog JA, Turner AS. Direct current electrical stimulation increases the fusion rate of spinal fusion cages. 
        Spine 2000; 25 (20): 2580-2587.  
23.   Dejardin LM, Kahanovitz N, Arnoczky SP, Simon BJ. The effect of varied electrical current densities on lumbar spinal fusions in dogs. The Spine Journal (In Press)
24.   Kahanovitz N, Arnoczky SP, Hulse D, Shires PK.  The effect of postoperative electromagnetic pulsing on canine posterior spinal fusions. Spine 1984;9: 273-279.
25.   Guizzardi S, Di Silvestrie M, Gavoni P, Scandroglio R. Pulsed electromagnetic field stimulation on posterior spinal fusions: A histological study in rats. J Spinal 
       Disord 1994;7;36-40. 
26.   Glazer PA, Heilmann MR, Lotz JC, Bradford DS. Use of electromagnetic fields in spinal fusion: A rabbit model. Spine. 1997;22:2351-2356.
27.   Dwyer AF, Wickham CG. Direct current stimulation in spinal fusion. Med J Aust 1974;1:73-75.
28.   Dwyer AF. The use of electrical current stimulation in spinal fusion. Orthop Clin N Am 1975;6:265-279.
29.   Kane WJ. Direct current electrical bone growth stimulation for spinal fusion. Spine, 1988:13:363-365.
30.   Meril AJ. Direct current stimulation of allograft in anterior and posterior lumbar interbody fusions. Spine 1994;19:2393-2398.
31.   Rogozinski A, Rogozinski C. Efficacy of implanted bone growth stimulation in instrumented lumbosacral spinal fusion. Spine 1996;21:2479-2483.
32.   Kucharzyk DW. A controlled prospective outcome study of implantable electrical stimulation with spinal instrumentation in a high-risk spinal fusion population. Spine 
        1999:24:465-469.
33.   Tejano NA, Puno R, Ignacio JMF. The use of implantable direct current stimulation in multilevel spinal fusion without instrumentation: A prospective clinical and  
        radiographic evaluation with long-term follow-up. Spine 1996;21:1904-1908. 
34.   Simmons JW. Treatment of failed posterior lumbar interbody fusion (PLIF) of the spine with pulsing electromagnetic fields. Clin Orthop. 1985;193:127-132.
35.   Lee CK. Clinical investigation of the spinal stim system. Presented at: the 56th Annual Meeting of the American Academy of Orthopaedic Surgeons; 1989, Las Vegas, 
        Nevada. 
36.   Mooney V. A randomized double-blind prospective study of the efficacy of pulsed electromagnetic fields for interbody lumbar fusions. Spine 1990;15:708-712.
37.   Linovitz RJ, Ryaby JT, Magee FP, Faden JS, Ponder R, Muenz LR. Combined magnetic fields accelerate primary spine fusion: A double-blind, randomized, placebo 
        controlled study. Presented at the 67th Annual Meeting of the American Association of Orthopaedic Surgeons, Orlando, FL, March 2000. 
38.   Goodwin CB, Brighton CT, Guyer RD, Johnson JR, Light KI, Yuan HA. A double-blind study of capacitively coupled electrical stimulation as an adjunct to lumbar 
        spinal fusions. Spine 1999;24:1349-1357.


